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ABSTRACT

Comparative Phylogeography
of Pine-oak Birds
by
Garth Michael Spellman
Dr. Brett Riddle, Examination Committee Chair
Professor o f Biological Sciences
University o f Nevada, Las Vegas
Dr. John Klicka, Examination Committee Co-Chair
Adjunct Professor o f Biologieal Sciences
University o f Nevada, Las Vegas
Pine and oak (pine-oak hereafter) woodlands are some o f the most widespread
floral communities in North America. They are distributed across the continent at mid
latitudes, but do exist as far north as British Columbia and as far south as Nicaragua.
They are also disjunct habitats with distinct regional speeies assemblages (Eastern North
America, Rocky Mountain/Great Basin, Californian, Sierra Nevada/Cascades, and
Mexiean/Central Ameriean [Madrean] assemblages). The division o f pine-oak forests
into specific regional communities should be reflected by patterns o f faunal diversity, if
the fauna that inhabit these forests evolved in situ over time in pine-oak forests. In fact
this is the case for many pine-oak adapted fauna; however, there are a number o f bird
species that exhibit widespread distributions across these disjunct pine-oak habitats.
In this dissertation, I propose three hypotheses to explain the evolution o f the
widespread distributions o f three eommon pine-oak birds, the Pygmy Nuthateh {Sitta
pygmaea), Mountain Chickadee (JPoecile gambeli), and White-breasted Nuthatch (Sitta
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carolinensis), and evaluate these three hypotheses through a comparative
phylogeographic study o f mitochondrial DNA (mtDNA) variation in each o f these
species. Overall, the genetic structure o f pine-oak birds has been shaped by two
biogeographic events: the in situ evolution o f populations in the isolated regional forests
and post-glaeial population expansion. However, these studies only represent a tiny
portion o f the diversity o f birds that occupy pine and oak forests in North Ameriea.
Future study o f additional eo-distributed speeies will help determine if the genetic
patterns observed in this study are broadly applicable across all pine-oak distributed
birds.
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CHAPTER 1

INTRODUCTION
Pine and oak (pine-oak hereafter) woodlands are some o f the most widespread
floral communities in North America (Little 1971, 1976, 1977). They are distributed
across the continent at mid-latitudes, but do exist as far north as British Columbia and as
far south as Nicaragua. They are also disjunct habitats with distinct regional species
assemblages (Eastern North America, Rocky Mountain/Great Basin, Californian, Sierra
Nevada/Cascades, and Mexican/Central American [Madrean] assemblages; Remington
1968; Little 1971, 1976, 1977; Graham 1999). In fact, not a single pine (Pinus) or oak
{Quercus) species is continentally distributed across all o f these regions (Little 1971,
1976, 1977). The origination o f these distinct regional pine-oak communities is
primarily attributed to the fragmentation o f the once continentally distributed Tertiary
forests in response to late Miocene and Pliocene ( 1 4 - 2 .5 Mya) mountain building in
western North America (Graham 1999). However, the contraction o f pine-oak habitats
into réfugia during Quaternary glacial advances likely reinforced the isolation and
independent evolution o f regional communities (Betancourt et al. 1990; Graham 1999).
The division o f pine-oak forests into specific regional communities should be
mirrored by patterns of faunal diversity, if the fauna that inhabit these forests evolved in
situ over time in pine-oak forests. In fact this is the case for many pine-oak adapted
fauna; however, there are a number o f bird species that exhibit widespread distributions
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across these disjunct pine-oak habitats [i.e., Brown Creeper {Certhia americana).
Chipping Sparrow {Spizella passerina). Dark-eyed Junco {Junco hyemalis). Hairy
Woodpecker {Picoides villosus). Pygmy Nuthatch {Sitta pygmaea). Mountain Chickadee
{Poecile gambeli). White-breasted Nuthatch {Sitta carolinensis)]. The evolution o f the
widespread distributions exhibited by these birds can be explained by three alternative
historical hypotheses. (1) The species evolved in situ in the regional pine-oak
communities and the isolation o f populations in these regions is captured in cryptic
genetic variation (deep phylogenetic structure and reciprocal monophyly of regional
populations). (2) Migration (high historical rates o f gene flow) o f individuals between
regions has been frequent enough to maintain the widespread distributions and prevent
regional divergence. (3) The species have recently expanded to occupy their current
distributions. In this dissertation, 1 explore which o f these historical hypotheses best
explains the widespread distributions o f the Pygmy Nuthatch {Sittapygmaea). Mountain
Chickadee {Poecile gambeli), and White-breasted Nuthatch {Sitta carolinensis) through a
comparative phylogeographic study o f mitochondrial DNA (mtDNA) variation in each of
these species.
All o f these species are common permanent residents o f North American pine-oak
forests. They are good candidates for phylogeographic study and to evaluate the
proposed historical hypotheses because o f certain life-history traits they share, such as
philopatry, territoriality, a lack o f long-distance migratory behavior, and marked
geographic variation (Pravosudov & Grubb 1993, McCallum et al. 1999, Kingery &
Ghalambor 2001). The described geographic variation in Pygmy Nuthatches, Mountain
Chickadees, and White-breasted Nuthatches is primarily based on elinal variation in
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plumage color (darkness o f the back, degree o f rustiness o f the flanks, and pattern on the
undertail coverts), mass, and bill shape (Pravosudov & Grubb 1993, McCallum et al.
1999, Kingery & Ghalambor 2001). Discreet differences in morphology (based on these
previously described characters) between regional or local populations o f these three
species are formally recognized as subspecies by the AOU (1957). The geographical
distributions o f these subspecies demonstrate a remarkable concordance across species
that reflects the distributions o f the regional pine-oak forests. This common pattern o f
geographical variation suggests they may share a common evolutionary and
biogeographic history. 1 use mtDNA ND2 sequences to examine patterns o f genetic
structure in the Pygmy Nuthatch, Mountain Chickadee, and White-breasted Nuthatch,
and interpret these patterns within the three evolutionary hypotheses proposed to explain
their widespread distributions.
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Chapter 2

TESTING HYPOTHESES OF PLEISTOCENE POPULATION HISTORY USING
COALESCENT SIMULATIONS: PHYLOGEOGRAPHY OF THE PYGMY
NUTHATCH {SITTA PYG M AE Af
Abstract
In this paper, we use mitochondrial ND2 sequences to test Pleistocene réfugiai
hypotheses for the Pygmy Nuthatch {Sittapygmaea). Pygmy Nuthatches are a common
resident o f long needle pine forests in western North America and demonstrate a
particular affinity with Ponderosa Pine {Pinus ponderosa). Paleoecological and genetic
data indicate that Ponderosa Pine was isolated in two Pleistocene réfugia corresponding
to areas in the southern Sierra Nevada in the West and southern Arizona and New
Mexico in the East. We use coaleseent simulations to test the hypothesis that Pygmy
Nuthatches tracked the Pleistocene history o f their preferred habitat and persisted in two
réfugia during periods o f glacial maxima. Coaleseent simulation o f population history
does not support the hypothesis o f two Pleistocene réfugia for the Pygmy Nuthatch.
Instead, our data are consistent with a single refuge model. The simulations are unable to
identify a particular location for this refuge; however, the greatest gene diversity is found
in the western populations o f southern and coastal California. We suggest that the

' The material in this chapter is a collaboration with J. Klicka. It has been submitted to
and written in the style and format o f the scientific journal Proceedings o f the Royal
Society, Series B.
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Pygmy Nuthatch expanded from a far-western glacial refuge into its current distribution
since the most recent glacial maximum.

Introduction
In the field o f phylogeography, the testing o f explicit a priori hypotheses in a
rigorous statistical framework remains in its infancy (Knowles & Maddison 2002). This
is due primarily to two formidable hurdles. The first hurdle is a simple lack of
knowledge. Often, very little is known concerning the paleoecology o f a region or o f an
organism’s habitat or niche that would allow for the formulation o f plausible a priori
historical biogeographic hypotheses. Therefore, phylogeographers are often forced to test
hypotheses that are formed a posteriori from the very data they would use to test these
hypotheses. The few studies that have tested explicit a priori hypotheses have done so in
organisms that exhibit restricted ranges and inhabit niches w ith relatively well known
paleo-distributions (inhabitants o f the Pacific Northwest mesic forests o f North America,
Carstens et al. 2004a, 2004b, 2005; montane grasshoppers, Knowles 2001).
The second hurdle is coaleseent stochasticity (Edwards & Beerli 2000, Knowles
& Maddison 2002, Hudson & Turrelli 2003). Because lineage sorting is random, there is
a high probability that large populations with a recent shared history will be genetically
similar. Also, due to coaleseent stochasticity, the same population history can result in
different genealogical patterns at different loci. Conversely, a single gene tree can also
be consistent with multiple population histories leading to false inferences if the variance
in the coaleseent process is not evaluated. Therefore, the challenge for researchers is to
account for this variability in the coaleseent process when testing competing alternative

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

hypotheses o f population history. One way to account for coaleseent stochasticity is to
simulate gene evolution (genealogies or gene matrices) within competing hypotheses o f
population history (Knowles 2001, Carstens et al. 2004a and 2004b). Then, the simulated
genealogies can be compared to phytogenies inferred from sequence data to assess which
hypothesis is a best fit for the data (Knowles 2001, Carstens et al. 2004a and 2004b). In
this study, we overcome the two hurdles described above by using coaleseent simulations
to test explicit a priori hypotheses concerning the Pleistocene history o f the Pygmy
Nuthatch {Sitta pygmaea).
The Pygmy Nuthatch is one o f the most common resident avian inhabitants o f
pine forests in western North America. It has long been considered a specialist on longneedle pines, exhibiting an especially tight association with Ponderosa Pine {Pinus
ponderosa) (Norris 1958, Kingery & Ghalambor 2001). Pygmy Nuthatches require
mature open woodland in pine forests for survival and are easily extirpated from longneedle pine forests when stands are harvested (Kingery & Ghalambor 2001).
Ponderosa Pine is one o f the five most common tree species in western North
American forests. It is a major component in 65% o f all forest cover south o f the boreal
forests (Critchfield & Elbert 1966). However, Ponderosa Pine does have certain soil and
moisture requirements and therefore exhibits a patchy distribution. The patchy
distribution o f these pines dictates the patchy distribution of Pygmy Nuthatches (Fig.
2.1 A). The distributions for both the Pygmy Nuthatch and Ponderosa Pine are nearly an
exact match, the only major difference being the absence of Ponderosa Pine from the
transvolcanic belt o f central Mexico (Fig 2.1 A, circa #14). Here, Pygmy Nuthatches are
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instead found in close association with Mexican yellow pines (i.e., Pinus montezumae
and P. engelmanni).
The paleoecology and phylogeography o f Ponderosa Pine are relatively well
understood. Palynological and packrat midden data suggest that Ponderosa Pine was
isolated in two réfugia towards the southwestern (southern Sierra Nevada) and
southeastern (southern Rockies o f Arizona and New Mexico) edges o f its current
distribution during periods of Pleistocene glacial maxima (Betancourt et al. 1990,
Graham 1999). This historical isolation o f Ponderosa Pine in eastern and western réfugia
is also supported by genetic data. Mitton and Latta (1999) found fixed differences in
mitochondrial and chloroplast DNA and significant Fst values in 3 out 14 allozyme loci
between eastern and western subspecies o f Ponderosa Pine.
The specialization o f Pygmy Nuthatches on long-needle pines and the tight
geographic association o f Ponderosa Pine and Pygmy Nuthatches suggest that they
should demonstrate a shared biogeographic history. Because Pondersosa Pines and
Pygmy Nuthatches possess obvious differences in life history characteristics (e.g.. Ne and
generation length) that influence population genetic structure, it is important that an
explicit hypothesis tesing approach that evaluates coaleseent stochasticity be used to infer
population history. Therefore, we use coaleseent simulations to test the hypothesis that
the Pleistocene history o f the Pygmy Nuthatch matches that o f its preferred habitat,
Ponderosa Pine. Two alternative models are tested: A) a two réfugia model (consistent
with the recent evolutionary history o f Ponderosa Pine), and B) a single Pleistocene
refugium (Fig. 2.2).
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Materials and Methods
Samples, Laboratory techniques. Analyses
Tissue samples were obtained for 202 individuals from 20 different localities and
represent all recognized subspecies o f Pygmy Nuthatch (Fig. 2.1). Because in
coalescence theory variances seldom decrease when sample sizes o f over ten are used
(Harding 1996), whenever possible we sampled ten individuals from each location.
Populations with samples sizes o f less than ten (19 individuals from 6 populations) were
excluded from the population level analyses. The Brown-headed Nuthatch {Sitta pusilla),
considered part o f a super-species complex that includes the Pygmy Nuthatch (Norris
1958), was used as the outgroup for phylogenetic inference.
Total genomic DNA was extracted from all specimens using a DNeasy tissue
extraction kit (Qiagen, Valencia, CA) following the manufacturer’s protoeol. We
amplified the NADH dehydrogenase subunit 2 (ND2) gene using the primers L5215
(Hackett 1996) and H6313 (Johnson and Sorenson 1998). All fragments were amplified
in 12.5uL reactions under the following conditions: dénaturation at 94 C, followed by 40
cycles o f 94 C for 30s, 54 C for 45s, and 72 C for 1 minute. This was followed by a 10
minute extension at 72 C and 4 C soak. Products were purified using a Qiagen PCR
Purification Kit or Exosap-IT (USB Corporation) purification following the
manufacturer’s protocols. We performed 20uL BigDye (ABI) sequencing reactions using
20-40 ng o f purified and concentrated PCR product and the same primers described above
following standard ABI protocols. Sequencing reactions were purified using a magnetic
bead clean-up procedure designed by Agencourt Biosciences and run on an ABI 3100-
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Avant automated sequencer. Complementary strands o f each gene were unambiguously
aligned using Sequencher 4.2 (GeneCodes Corporation, Ann Arbor, Michigan). All
sequences were translated and compared to the chicken ND2 sequence (Desjardins and
Morais 1990) to confirm the correct reading frame and to check for the presence o f stop
codons.
Maximum likelihood (M L) phylogenetic analysis and non-parametric
bootstrapping (100 replicates; Felsenstein (1985) were used to identify major clades and
evaluate nodal support for relationships among clades. The hierarchical likelihood ratio
test (hLRT) as implemented in MODELTEST 3.06 (Posada & Crandall 1998) with the
outgroup sequence removed was used to select a model o f sequence evolution to be used
for the ML phylogeny reconstruction. A median joining network was used to visualize
relationships among haplotypes using the program Network (Bandelt et al. 1999).
Population genetics parameters (i.e., Tajima’s D and Fu’s Fs, Tajima 1989a,b, Fu 1997)
were calculated for all populations with samples sizes >10 (populations 1-14, hereafter
referred to by number) using D N A sp (Rozas & Rozas 1999) and their significance was
tested using coaleseent simulations. Analysis o f molecular variance (AM OVA) was
performed with the program Arlequin 2.0 (Schneider et al. 2000). To explore whether
there existed significant genetic variation at multiple geographic levels, nested AMOVAS
were performed with sequences grouped by region (see Fig. 2.1) and then by individual
population within each region (i.e., sampling locality; Fig. 2.1). We conducted two nested
AMOVA analyses: the first included the samples from populations with samples sizes o f

10
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less than ten individuals, and the second excluded these samples to explore whether these
samples biased the analysis.
Hypothesis testing
We tested two general hypotheses. The first o f the two general hypotheses was a
two réfugia hypothesis that was consistent with the phylogeography and paleoecology of
Ponderosa Pine (Fig 2.2, A). Under the two réfugia hypothesis, populations o f Pygmy
Nuthatches were isolated into two réfugia corresponding to the Western mountain ranges
(e.g., Sierras and Cascades) and the Eastern mountain ranges (Rocky Mountains and
Great Basin Ranges). Because pine-adapted species were confined to réfugia during
periods o f glacial maxima, two divergence times for populations in these réfugia were
tested. The first divergence time corresponded to an early glacial advance (Hypothesis
A l; T2 = 1,800,000 years BP), and the second corresponded to the onset o f the most
recent glacial advance (Hypothesis A2; T2 = 120,000 years BP) (Fig 2.2). The second
hypothesis was an alternative single refugium hypothesis. Under this hypothesis, genetic
diversity in Pygmy Nuthatches was the result o f the recent fragmentation o f a single
réfugiai population. The duration of time populations persisted in a single refugium were
the same as those tested for the two réfugia hypothesis (B l, T2 = 1,800,000 years BP;
B2, T2 = 120,000 years BP).
Effective population size (Ne) for all the simulations was estimated using 0 values
calculated with MIGRATE-N (v. 1.7.3, Beerli 2002) and the following search
parameters: 10 short chains o f 100,000 steps followed two long chains o f 20,000,000
steps, the chains where sampled every 100 steps following a bum-in o f 20,000 steps, and
default settings used for the initial estimate o f theta. The program was run twice to
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ensure convergence upon similar values with different random seed numbers. Theta was
converted to Ne using the equation 9 = 2 Nep., and assuming p = 0.027 x 10"^ (a site
specific mutation rate calculated for the ND2 gene in Galapagos Mockingbirds; Arbogast
et al. unpublished data). Population parameter estimates, such as 0, calculated from
single locus data have inherently large errors (Edwards and Beerli 2000). Therefore, to
ensure our conclusions were robust to changes in the estimate o f 0; coaleseent
simulations were performed using Ne calculated from the point estimate o f 0 and from the
lower and upper bounds o f the 95% confidence intervals for the point estimate o f 0.
Ancestral Ne (Ng for the réfugiai populations) was estimated using a Bayesian sky-line
analysis as described by Drummond et al. (2005) in the program BEAST (vl.2). The
analysis was run for 30 million generations and the first 10% were discarded as burn-in.
Ancestral Ng was calculated as a proportion o f current Ng.
Hypothesis testing was performed using the program MESQUITE 1.05
(Maddison & Maddison 2005). MESQUITE provides the flexibility to build models or
hypotheses, to simulate trees evolving within the confines o f those models, and to
compare these simulated trees with user defined trees to evaluate model fit. Two types o f
coaleseent simulations were performed. In the first simulations, 1000 coaleseent
genealogies were generated under each historical scenario and the distribution o f S, the
minimum number o f sorting events required to explain the population subdivision
(Slatkin and Maddison 1989), was recorded. The S value o f our ML genealogy was
compared with the S values o f the simulated genealogies to evaluate model fit. For this
first set o f simulations, both the point estimate o f Ng and the lower and upper bounds o f
the 95% confidence interval for Ng were used as starting parameters. In the second set o f
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simulations, 100 gene matrices were simulated using the model o f DNA substitution
selected by MODELTEST and constrained within each historical scenario. PAUP* 4.10b
was used to reconstruct trees from the simulated gene matrices and the S values for these
trees recorded and compared to the S value o f our ML genealogy to evaluate model fit.
The second set o f simulations only used the point estimate o f Ng as a starting parameter.
For all coaleseent simulations, absolute time (years) was converted to coaleseent time
(generations) assuming a generation time o f 2.8 years for Pygmy Nuthatches (calculated
using the equation T = a + [s/(l - s)] from Lande et al. (2003), where a is the age at
maturity and s is the annual adult survival rate).

Results
A) Phylogeny, population genetics, and demography o f Pygmy Nuthatches
The complete ND2 gene (1041 bp) was sequenced for all individuals. These
sequences yielded 60 variable sites, identifying 53 haplotypes (Fig. 2 .IB), including 33
that were unique to individuals and 20 shared among several individuals. The three most
common haplotypes were found in 29.2%, 14.9%, and 11.4% o f all individuals
respectively. The most common haplotype was found in all but five populations (2, 8,
11, 13, 14; Fig. 2.1 A). An hLRT test supported the HKY85 (kappa = 4.2) model as a
best fit for our data; however, the resulting phylogeny (-In = 2045.75; data not shown)
was star-like and lacked support for any o f the basal nodes. The only two nodes
receiving bootstrap support >70% were at terminal branches connecting tips. The general
lack o f support for relationships among haplotypes was supported by the median joining
network (Fig 2. IB), which was characterized by a large number o f haplotypes nested
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within loops in the network. The most divergent haplotpyes were found mostly in coastal
and southern Californian populations (i.e., 1 & 2; Fig. 2. IB) with the exception o f a
single divergent haplotype found in central Mexico (population 14).
Analysis o f molecular variance (AMOVA; Excoffier et al. 1992), using HKY85
adjusted distances, indicated that most o f the genetic variation was found within
populations (63.8%, p < 0.0001). However, there were also significant amounts o f
variation among major geographic regions (all populations included: 24.5%, p < 0.0001 ;
populations with 10 or more individuals: 24.9%, p < 0.0001) and among individual
populations (all populations included: 11.67%, p < 0.0001; populations >10 ind: 11.29%,
p < 0.0001). Nucleotide diversity was highest in the western populations (populations 16; Table 2.1), but low overall.
Neutrality statistics (Tajima’s D and Fu’s Fs) were significantly negative in only
one population (14, D = -1.85, p < 0.05; Table 2.1). Otherwise these statistics suggested
no deviation from neutral expectations. Raggedness indices (R; Table 2.1) were
insignificant in 50% o f the populations indicating recent population expansions. Pooling
all populations resulted in highly significant negative estimates o f D and Fs (D = -2.17, p
<0.0001; Fs - -49.89, p < 0.0001) and a highly insignificant raggedness index (R = 0.09;
p < 0.0001; Table 2.1).
B) Hypothesis testing
Using MIGRATE-N, we estimated an overall 0 o f 0.02419 (95% C.I. 0.01406 0.04234) for our data. Using p, = 0.027 x 10'^ substitutions/site/lineage/my and a
generation time 2.8 years, we calculated a point estimate o f Ne = 160,000 and the 95%
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confidence intervals around this estimate ranged from 93,000 to 260,000. Ancestral Ng
was estimated to be approximately 15% o f current Ng.
We calculated 5 = 1 1 7 (Slatkin & Maddison 1989) for our ML genealogy. Figure
3 shows the distribution of S values for the simulations and our tree for the point estimate
o f Ng in the first set o f simulations under hypothesis A2 and B2. For the first set of
simulations

(1 0 0 0

coalescent genealogies constrained within each model), we were able

to reject the two réfugia hypotheses for all starting values o f Ng
0.001 ; P sim uiation A2 = 0.0001

-

(psim uiation a i = 0 . 0 0 0 1 -

0.01). We could not reject a hypothesis o f a single

refugium for our data for the point estimate o f Ng or the upper bound o f Ng (psim uiation b i

=

0.24 and 0.14, psimuiation B2 = 0.28 and 0.18). However, simulations using the lower bound
ofNg did reject the single refugium hypothesis

(psim uiationB i

= 0.04,

psim uiation b 2 =

0.05).

Thus, for most reasonable values o f Ng our data support the single refugium hypothesis.
For the second set o f simulations (100 gene simulated gene matrices constrained
within each model), the HKY85 model described above was used to generate the gene
matrices. Under these simulations, the two réfugia model was rejected
0.001;
0.1,

P sim uiation A2

P sim uiation B2

< 0.01). The single refugium model was not rejected

(p sim u iatio n

(p sim u iatio n

ai

bi

<

=

0.1).

Since our data support a single refugium hypothesis, we attempted to identify the
location o f this putative refugium using coalescent simulation. To do this, we set the the
ancestral Ng to be proportional to the relative Ng o f each sampled population in the single
refugium model and simulated 1000 coalescent geneaologies within these models. All
tested values o f ancestral Ng, which ranged from 0.09% to 50% of total Ng could not be
rejected at the 0.05 level. Therefore, the results o f the coalescent simulations support the
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hypothesis o f a single Pleistocene refugium in an unspecified location for Pygmy
Nuthatches.

Discussion
Our data support the conclusion o f a single Pleistocene refugium for Pygmy
Nuthatches, which is contrary to what we had expected given the close association
between Pygmy Nuthatches and Ponderosa Pine. However, the coalescent simulations
were unable to infer the location o f this refugium, because all populations were in effect,
equally likely to be the source population o f all current mtONA diversity in Pygmy
Nuthatches. Traditional measures o f genetic diversity (i.e., nucleotide diversity, Jt)
provide a means of inferring the location o f the refugium (Hewitt 1997, Avise 2000). In
our populations, Jt is greatest in western and southern California suggesting these
populations may have persisted in a more stable condition for a longer period o f time
than other Pygmy Nuthatch populations. In fact, when plotted against degrees West
longitude, it appears to be positively correlated with longitude (with it falling as one
proceeds further East across the distribution o f the Pygmy Nuthatch; r^ = 0.414, d.f. =
12). Conversely, nucleotide diversity does not appear to he correlated with latitude (r^ =
0.089, d.f. = 12). Thus, we suggest that the Pygmy Nuthatch Pleistocene refugium was
likely located in coastal and southern California. This places the refugium in one o f the
locations where paleoecological data indicates Ponderosa Pine persisted during
Pleistocene glacial maxima (Betancourt et al. 1990, Graham 1999).
A western glacial refugium with subsequent expansion eastward, northeastward,
and southeastward contrasts patterns observed in most other North American birds (Zink
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1997, Milâ et al. 2000) and other North temperate taxa (for review see Hewitt 1997,
2000). In general, nucleotide diversity declines with increasing latitude due to range
expansion following the retreat o f glaciers during the Holocene. However, this pattern o f
decreasing nucleotide diversity is predicated on the assumption that the glacial réfugia
were all located in the southern-most extremes o f the current ranges o f temperate taxa. If
the location o f a glacial refuge is found elsewhere, as appears to be the case here, there is
no reason one would not observe a violation o f the previously described pattern.
Phylogeography utilizes gene history (genealogy) to draw conclusions concerning
population history (Avise 2000). If lineage sorting is incomplete, which is likely in
recently isolated populations, the ability to infer population history becomes difficult
(Charlesworth et al. 2003). The coalescent simulations used in this study provide a
means o f inferring population history even in the face o f incomplete lineage sorting by
assessing the stochasticity inherent in the coalescent process. However, these simulations
rely heavily upon the starting parameters (i.e., 0) estimated directly from our data. In
coalescent theory, the single most important population parameter that influences the rate
o f lineage sorting is effective population size (Ne; Edwards & Beerli 2000, Emerson et al.
2001, Charlesworth et al. 2003, Hudson & Turrelli 2003), which is normally estimated
from genetic data using the population parameter 0. Thus, if coalescent simulations are
conducted using poor and/or incorrect estimates o f 0, the chance that erroneous
inferences will be made is high. Estimates o f 0 made from single locus data, as in this
study, can be unreliable and always have large amounts o f error associated with them
(Edwards and Beerli 2000; Jennings and Edwards 2005). The error in the estimate o f 0
must be taken into account for robust conclusions o f population history to be made. To
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overcome this problem, we used both the point estimate o f 0 and the lower and upper
bounds o f the 95% confidence interval o f 0 to calculate Ne when conducting the
coalescent simulations. Thus, the conclusion o f a single Pleistocene refugium for all
extant Pygmy Nuthatches is robust across most reasonable values o f 0.
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Table Heading
Table 2.1 Intrapopulation statistics for all populations with sample sizes greater than ten
and for all samples combined (Total). The numbers in the first column correspond to the
location numbers on Fig 1A. All values were calculated and their significance tested
using coalescent simulations under the infinite sites model. Values in bold are significant
at the p < 0.05 level.
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Table 2.1

Map
#

Population

n

#
haplotypes

s

K

D

Fs

R

1

Pacific Coast

19

8

15

0.28

0.34

0.05

2

San Diego

13

8

15

-1.58

-1.99

0.03

3

Riverside

11

5

8

-1.49

-0.71

0.19

4

14

8

10

-0.65

-2.06

0.18

5

Transverse
Ranges CA
Mono

13

4

6

0.08

1.03

0.55

6

Siskiyou

12

5

8

0.59

0.81

0.51

7

Spring Mts, NV

10

4

6

-1.28

-0.08

0.08

8

13

5

4

-0.36

-1.39

0.12

9

British
Columbia
Coconino

16

7

11

-1.74

-2.06

0.09

10

Valencia

11

4

7

-0.54

0.851

0.4

11

Chiricahua

14

6

7

-1.27

-1.46

0.04

12

Sacramento

13

4

6

-0.17

0.87

0.22

13

Nueva Leon

14

2

1

-1.16

-0.65

0.56

14

Morelos

10

4

6

-1.85

-0.56

0.16

202

53

60

0.00443 ±
0.00047
0.00309 ±
0.00087
0.00168 ±
0.00065
0.00278 ±
0.00037
0.0019 ±
0.00044
0.00293 ±
0.00034
0.00141 ±
0.0006
0.00111 ±
0.00026
0.00172 ±
0.00052
0.00199 ±
0.0006
0.0016 ±
0.00041
0.00177 ±
0.0005
0.00013 ±
0.0001
0.00105 ±
0.00056
0.00296 ±
0.00015

-2,17

-49.89

0.09

Total*
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Figure Legends
Figure 2.1 A) Distribution o f the Pygmy Nuthatch. The colors correspond to major
geographic regions within western North American: Blue - Californian Coastal
Mountains, Yellow - Transverse and Peninsular ranges o f southern California, Green Sierra Nevada and Cascades, Pink - Rocky Mountains, Brown - Great Basin, Purple Sierra Madre Occidental, Oriental, and Transvolcanic belt o f central Mexico. The
numbers correspond to populations with samples sizes greater than ten (Table 1). Black
dots correspond to populations with sample sizes o f less than ten.

Figure 2.2 Models used to test Pleistocene réfugiai hypotheses: A) two réfugia
hypothesis and B) an alternative single refuge hypothesis. Hypothesis A I assumed
populations persisted in two Pleistocene réfugia for the duration o f the glacial episodes
(T2 = 1,800,000 years BP). Hypothesis A2 assumed populations persisted in two réfugia
only since the most recent glacial advance (T2 = 120,000 years BP). Hypotheses B I and
B2 tested fragmentation o f a single réfugiai population with the number o f years in the
refugium differing (B1,T2 = 1,800,000 years BP; B2, T2 = 120,000 years BP). The
effective size o f populations was constrained as follows (unless otherwise stated): current
populations 50% o f total Ng and réfugiai populations 15% o f total Ng (justification for
ancestral Ng described in text). Terminal branches (T l) were all 10,000 years long.

Figure 2.3 Histograms o f S values for simulated coalescent genealogies. A) Results
from simulations within the two réfugia hypothesis A2. B) Results from simulations
within the single refuge hypothesis B I. The dashed lines represent the 95% confidence
intervals for the distribution and the bold black line in B) represents the S value for our
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ML genealogy. Results shown here were from simulation that used the point estimate o f
Ne = 160,000.
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CHAPTERS

PHYLOGEOGRAPHY OF THE MOUNTAIN CHICKADEE (POECILE GAMBELI):
DIVERSIFICATION, INTROGRESSION, AND EXPANSION IN RESPONSE TO
QUATERNARY CLIMATE CH A N G E/
Abstract
Since the late 1990s, molecular techniques have fueled debate about the role o f
Pleistocene glacial cycles in structuring contemporary avian diversity in North America.
The debate is still heated; however, there is widespread agreement that the Pleistocene
glacial cycles forced the repeated contraction, fragmentation, and expansion o f the North
American biota. These demographic processes should leave genetic “footprints” in
modern descendants suggesting that detailed population genetic studies o f contemporary
species provide the key to elucidating the impact o f the Late Quaternary (late Pleistocene
- Holocene). We present a detailed coalescent analysis o f the mtDNA variation in the
Mountain Chickadee (Poecile gambeli) in an attempt to examine the genetic evidence o f
the impact o f the Late Quaternary glacial cycles. Phylogenetic analyses reveal two
strongly supported clades o f P. gambeli: an Eastern Glade (Rocky Mountain and Great
Basin) and a Western Clade (Sierra Nevada and Cascades). Post-glacial introgression is
apparent between these two clades in the Mono Lake region o f Central California.

^ The material in this chapter is a collaboration with J. Klicka and B. Riddle. It is written
in the style and format o f the scientific journal Molecular Ecology. Submission is
pending.
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Within the Eastern Clade, there is evidence o f isolation-by-distance in the Rocky
Mountain populations and o f limited gene flow into and around the Great Basin.
Coalescent analysis o f genetic variation in the Western Clade indicates that Northern
(Sierra Nevada/Cascades) and Southern (Transverse/Peninsular Ranges) populations have
been isolated and evolving independently for nearly 60,000 years.

Introduction
The biotic consequences o f Quaternary climate change have been an intensely
studied topic in evolutionary biology for decades (e.g., Anderson 1948, 1949, 1953;
Mengel 1964; Remington 1968; Hubbard 1973; Hewitt 1996, 1999, 2000, 2004; Klicka
and Zink 1997; Willis and Whittaker 2000; Lascoux et al. 2004). The fact that the
Pleistocene glacial cycles resulted profound shifts in temperate species ranges, including
the repeated contraction, fragmentation, and subsequent expansion o f temperate biotas, is
evidenced in fossil and pollen records (Bennett 1998; Graham 1999; Williams et al.
1999). These demographic processes have left genetic “footprints” in modern descendent
species and biotas. Through the application o f modern molecular techniques and
advances in molecular data analysis, including phylogeography (Avise 2000, 2004;
Knowles & Maddison 2002) and coalescent theory based analyses (Avise 2004;
Barrowclough et al. 1999; Edwards & Beerli 2001; Knowles & Maddison 2002; Zink et
al. 2000) studies have begun to reveal the genetic consequences o f Quaternary climate
change. In Europe, studies o f genetic variation across a myriad o f taxa have led to the
development o f well-supported hypotheses for the Quaternary biogeography o f this
continental biota (Hewitt 1996, 2000, 2004). On the other hand, studies o f North
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American taxa have indicated that although common biogeographic patterns do exist,
these tend to be habitat specific and in many cases temporally idiosyncratic (aridlands,
Riddle et al. 2000, Zink 2001; Pacific Northwest mesic forests, Brunsfeld et al. 2002,
Carstens et al. 2005; California floristic region, Calsbeek et al. 2003; alpine meadows,
DeChaine & Martin 2005). Thus, the detailed phylogeographic study o f organisms
occupying specific habitats remains critical to the collective understanding o f the genetic
consequences o f Quaternary climate change in North America.
The fauna that inhabit the xeric coniferous forests o f western North America
remain a group that has received little phylogeographic study. Palynological (Graham
1999) and fossil (Williams et al. 1999) data indicate that the coniferous forests o f western
North America were dramatically displaced by the climatic oscillations o f the
Quaternary, yet the impact this displacement has had on the population structure o f the
resident fauna remains poorly understood. In a phylogeographic study o f the Blue
Grouse {Dendragopus obscurus), a common resident o f western coniferous forests,
Barrowclough et al. (2004) demonstrated that the genetic consequences o f Quaternary
climate change were likely two-fold. First, three distinct phylogroups (a group of
haplotypes that are more closely related to each other than they are to any haplotype
outside the group. Avise 2O0O) o f Blue Grouse distributed in the Sierra Nevada/Cascade
Mountains, Northern Rocky Mountains, and Southern Rocky Mountains, respectively,
most likely diverged from one another during the Quaternary. The origination o f
divergence among these distinct phylogroups was attributed to glacier-induced
fragmentation that originally isolated populations in the Sierra Nevada and Cascade
mountain ranges from those in the Rocky Mountains, as originally described by Miller
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(1951), Mengel (1964), and Remington (1968). Second, the distinct phylogroups have
recently (Holocene) come into contact resulting in the introgression o f these groups;
however, the introgression appears to be limited and localized in the forests o f eastern
Washington. Whether the pattern o f genetic variation observed in Blue Grouse is shared
among other western montane fauna in North America remains to be seen.
In this study, we use phylogeographical methods to infer the genetic structure and
population history of the Mountain Chickadee {Poecile gambeli). The Mountain
Chickadee is a common permanent resident o f the xeric coniferous forests o f Western
North America. It is well suited for phylogeographic study because it exhibits extreme
philopatry, limited altitudinal migration during winter, a patchy distribution, and marked
geographic variation in morphology. Mountain chickadees are cavity-nesting birds and
thus require mature woodland for breeding (McCallum et al. 1999). They also cache
conifer seeds as they become available and the defense o f these caches requires the
formation o f tight social groups normally comprised o f several breeding pairs (McCallum
1988, Ekman 1989, Matthysen 1990). Social groups often dissolve during winter as
individuals move from higher to lower elevations, where they can be found in pinyonjuniper and low elevation riparian habitats on their native mountain ranges (McCallum et
al. 1999). However, seasonal migrants return to their same social groups in spring and
mate within these groups for the duration o f their life (McCallum et al. 1999). In
Mountain Chickadees, natal dispersal is believed to be limited to adjacent social groups;
however, a full characterization o f natal dispersal has yet to be conducted (McCallum et
al. 1999). These life history traits suggest that the Mountain Chickadee may be employed
in a comparative phylogeographic framework to assess the generality o f the Blue Grouse

34

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

pattern for understanding the influences o f Pleistocene climate changes on fauna
associated with coniferous forests (Barrowclough et al. 2004).
Although the taxonomic status o f the Mountain Chickadee itself has not been
called into question, the validity o f the number o f subspecies occupying its broad
geographic distribution has. The 1957 AOU Check-list o f North American Birds
officially recognized the following six subspecies o f Mountain Chickadee: P. g. gambeli
(MT, WY, eastern UT, CO, AZ, NM, TX), P. g. grinnelli (BC, WA, OR, ID), P. g.
inyonensis (southern ID, NV, western UT, southeastern CA), P. g. abbreviatus (central
and northern CA, OR, western NV), P. g. baileyi (southern CA), and P. g. atratus
(northern Baja CA). These subspecies were based primarily on clinal variation in
plumage coloration (buff in the East grading to gray in the West) and bill shape (Behle
1956). Behle (1956) argued that a seventh subspecies, P. g. wasatchensis (western UT),
warranted recognition based on small differences in plumage and hypothesized isolation
from the P. g. inyoensis subspecies occupying the mountain ranges o f the Great Basin.
Behle (1956) also argued that to more accurately capture the geographic variation
observed in Mountain Chickadees the seven subspecies should be condensed into three
groups (Fig. 1): gambeli (Rocky Mountains), baileyi (southern CA, Sierra Nevada,
Cascades), and inyoensis (Great Basin). He believed that the morphological differences
observed between these three groups could only be explained by prolonged isolation.
There is some evidence that these morphological differences may be corroborated by
genetic data. Gill et al. (1993, 2005) discovered that individuals from southern AZ and
southern CA are approximately 2.6-4.5% divergent from one another in mitochondrial
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DNA (mtDNA). However, the geographical distribution o f these two lineages and full
extent o f the genetic variation within Mountain Chickadees remains unexplored.
We analyzed mitochondrially encoded ND2 sequences from sampled populations
from throughout the distribution o f the Mountain Chickadee. These data were used to
evaluate the population structure and evolutionary history o f the species and make
inferences regarding the impact o f Quaternary events on its genetic “footprint”.

Materials and Methods
Samples and Laboratory techniques
Tissue samples were obtained for 320 individuals from 31 different localities and
represented all but one {P.g. atratus; Northern Baja California) o f the recognized
subspecies o f Mountain Chickadee (see Appendix I for complete details). Whenever
possible we sampled ten individuals from each location, because in coalescence theory
variances do not decrease when sample sizes o f over ten are used (Harding 1996).
Samples o f P. atricapilla and P. sclateri were obtained from the Marjorie Barrick
Museum (MBM) as outgroup taxa following Gill et al. (1993, 2005). Total genomic
DNA was extracted from all specimens using either a DNeasy tissue extraction kit
(Qiagen, Valencia, CA) following the manufacturer’s protocol, or a phenol-chloroform
procedure. We amplified the NADH dehydrogenase subunit 2 (ND2) gene using the
primers L5215 (Hackett 1996) and H6313 (Johnson and Sorenson 1998), and sequenced
using L5215 and Hgambeli (this project). The ND2 gene evolves rapidly and has proven
useful for uncovering intraspecific genetic structure in Passeriform birds (Drovetsky et al.
2004; Zink et al. 2006). All fragments were amplified in 12.5uL reactions under the

36

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

following conditions: dénaturation at 94 C, followed by 40 cycles o f 94 C for 30s, 54 C
for 45s, and 72 C for 1 minute. This was followed by a 10 minute extension at 72 C and
4 °C soak. Products were purified using a Qiagen PCR Purification Kit or Exosap-IT
(USB Corporation) purification following the manufacturer’s protocols. We performed
20uL BigDye (ABl) sequencing reactions using 20-40 ng of purified and concentrated
PCR product following standard ABl protocols. Sequencing reactions were purified using
a magnetic bead clean-up procedure designed by Agencourt Biosciences and run on an
ABl 3100-Avant automated sequencer. Complementary strands o f each gene were
unambiguously aligned using Sequencher 4.2 (Gene Codes Corporation). All sequences
were translated and compared to the Gallus ND2 sequence (Desjardins and Morais 1990)
to confirm the correct reading frame and to check for the presence o f stop codons.
Phylogenetic Methods
Maximum parsimony (M P) and maximum likelihood (ML) phylogenetic analyses
were used to identify major clades and evaluate relationships among haplotypes. All MP
analyses were performed in PAUP* 4.10b (Swofford 2001) using a heuristic search with
10 random sequence repetitions and tree-bisection-reconnection (TBR) branch-swapping.
Maximum likelihood analyses were performed using
Oct.2005).

M O DELTEST

t r e e f in d e r

(Jobb et al. 2004; Ver.

3.06 (Posada & Crandall 1998) and the AIC model selection

criterion (Shapiro et al. 2006), with the outgroup sequence removed, was used to select a
model o f sequence evolution to be used for ML phylogeny reconstruction. This model
was then set as the model o f sequence evolution for the

t r e e f in d e r

reconstructions.

Non-parametric bootstrapping (100 replicates; Felsenstein 1985) performed in the

37

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

programs PAUP* (M P) and

t r e e f in d e r

(ML) was used to evaluate nodal support

among clades, with 70% or greater considered to provide strong support (Hillis & Bull
1993). Once clades were identified, we used the program n e t w o r k (Bandelt et al. 1999)
to construct median joining networks to visualize relationships among haplotypes within
these clades.
Divergence times between clades were estimated using the program
& Wakeley 2001).

M D iv

M D IV

(Nielsen

uses a Bayesian approach to simultaneously approximate the

posterior distribution o f three parameters: divergence time between populations {T =
tdiv/2Ne), the migration rate between populations since divergence (M = 2Nein), and the
population parameter theta (0 = 2A(,|x, where p is the per locus mutation rate). The
program was first run using default search settings and default priors (for theta and
divergence time). Following this data exploration, we set our prior for T to equal 10.
M D IV

analyses were run for 5 000 000 generations following a bum-in period of 500 000

generations, and repeated three times to ensure convergence upon the same posterior
distributions for each o f the parameter estimates. Estimates o f T were converted to real
time assuming a range o f neutral mutation rate estimates (because a direct rate estimate for
the ND2 gene is not available) for mtDNA in birds: 1.0 x 10'* to 2.7 x 10'*
substitutions/site/year (for reviews see; Arbogast et al. 2002, Lovette 2004). These rates
were multiplied by the number o f sequenced nucleotides per individual [for example; (2.5
X

10'*) X 694 = 1.73

X

10'^ substitutions/locus/year] to obtain our estimate o f p for the

conversions.
Inter- and Intra- population analyses
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Inter- and intra-population level analyses were performed for populations with
sample sizes o f nine or more. Ultimately, this led to the exclusion o f 20 samples from six
populations and only represented 2 unique haplotypes. Genetic diversity within
populations was characterized by the number o f unique haplotypes per population and
the number o f private haplotypes per population. We estimated nucleotide diversity (jt;
Nei 1987) along with its 95% confidence interval (1000 replicates) using the program
A r l e q u in

2.0 (Schneider et al. 2000).

A r l e q u in

was also used to compute mismatch

distributions (Slatkin & Hudson 1991) and evaluate their significance (1000 replicates).
Tajima’s D (Tajirna 1989a,b ) and Fu’s Fs (Fu 1997) were calculated using DNAsp
(Rozas & Rozas 1999) and their significance was tested using coalescent simulations.
Analysis o f molecular variance (AMOVA; Excoffier 1992) was performed with the
program

A r l e q u in . T o

explore whether there existed significant genetic variation at

multiple geographic levels, nested AMOVAS were performed with sequences grouped by
region and then by individual population within each region. Eastern samples (Great
Basin and Rocky M ountains) were partitioned into two regions: Rocky M ountains and
Great Basin M ountain Ranges. The Rocky M ountain region included populations 1, 2, 9
- 17 (Fig. 1 and Table 1), and the Great Basin region included populations 3 - 8 and 14.
Western samples were also partitioned into two regions: Sierra Nevada/Cascades and
Peninsular/Transverse ranges. The Sierra Nevada/Cascades region included populations
24 - 28, and the Peninsular/Transverse region included populations 1 9 -2 5 . We used
A r l e q u in

to calculate the Mantel correlation coefficient (Mantel 1967) between

matrices o f geographical and genetic distance [Fg/(1 - Fst)] to determine if the data fit a
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pattern o f isolation by distance. The significance o f the Mantel correlation was assessed
using 1000 random permutations o f matrices.
M ig r a t e

version 1.7.6 (Beerli & Felsenstein 2001) was used to estimate gene

flow among populations within clades. In order to reduce the number of parameters and
degrees o f freedom in our gene flow analyses, we used a stepping-stone model o f
population structure (Kimura & Weiss 1964). Thus, gene flow was only estimated
between populations that occurred adjacent to one another. In

M ig r a t e ,

we used the

maximum likelihood based estimation and a M etropolis coupled-Monte Carlo-Markov
chain (M CM CM C) procedure. Runs consisted o f 10 short chains o f 100 000 steps
followed by one long chain o f 10 000 000 steps and each chain had a bum-in period of
100 000 steps. All chains were sampled every 100 steps. Adaptive heating was used
with four chains and initial temperatures o f 1, 1.3,1.5, and 2. Starting values o f theta and
gene flow were estimated using Fst. The F84 model o f sequence evolution was used with
base frequencies estimated from the data. We ran the program two times with different
random seed numbers to examine the robustness o f our estimates.
We applied the program IM (Hey & Nielsen 2004) to the samples from our
western populations only (Sierra/Cascade vs Peninsular/Transverse; see AM OVA regions
above) to determine if the observed pattern o f genetic variation was a result o f historical
divergence or limited contemporary migration.

IM

uses a M etropolis coupled-Markov

chain-Monte Carlo (M C M C M C ) approach to simultaneously estimate the following
parameters: Gj (effective number o f females in population 1),

02

(effective number o f

females in population 2), 0^ (effective number o f females in the ancestral population), mi
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(number o f migrants from population 1 to population 2), m 2 (number o f migrants from
population 2 to population 1), t (time of divergence). The program was run for 50 000
000 steps using five chains following a 500 000 step burn-in. To ensure the program was
performing well, we ran the program three times with different random seeds. The
program produced very similar parameter estimates from each run (all parameter
estimates from each run fell within the 95% highest posterior densities, HPD, for the
parameter estimates from the other runs). We report the mode and the 95% HPD for
each parameter estimate from the run that produced the highest effective sample sizes
(ESS; Hey & Nielsen 2004) for all the parameter estimates. Estimates o f t (time since
divergence scaled to the neutral mutation rate) were converted to actual values o f time
using the equation t = t/u (Hey & Nielsen 2004), where u is the locus specific neutral
mutation rate and t is the estimate provided by IM. We assumed a range o f neutral
mutation rates o f 1.0 x
M Div

to 2.5 x 10"* substitutions/site/year, the same rates used for the

analyses. These rates multiplied by the number o f sequenced nucleotides per

individual were used as our estimates o f u for the conversions. The effective number of
female migrants between populations was calculated using Mi - (0]»w)/2 and M% (02*w)/2 (Hey & Nielsen 2004).

Results
Phylogenetic analyses
We sequenced 694 base pairs o f the ND2 gene for each individual. These
sequences yielded 97 variable sites (44 parsimony informative), identifying 84
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haplotypes (Fig. 3.2). Unweighted maximum parsimony (M P) analysis produced 4985
equally parsimonious trees (score = 218).

M od eltest

indicated the TIM + G (R matrix

1.0, 16.08, 2.96, 2.96, 8.19, 1.0; a = 0.2905) as a best fit for our data. Maximum
likelihood (ML) analyses using this model o f sequence evolution produced a single most
likely tree (-In L = 2331.4963; Fig. 3.2). Both MP and ML supported the same overall
clade structure. Thus, we show only the ML phylogeny (Fig. 3.2). The ML and MP
trees and the multiple most parsimonious trees differed from one another in the placement
o f haplotypes within clades; however, the branches leading to these haplotypes lacked
bootstrap support.
The ML tree depicts two well-supported clades within P. gambeli (Fig. 3.2). The
geographic distribution of haplotypes within these clades showed very little overlap. The
“Eastern Clade” corresponds directly with the Rocky Mountains, Great Basin mountain
ranges, and the mountain ranges o f Eastern Oregon and Eastern Washington (Fig. 3.2).
The “Western Clade” corresponds directly with the Sierra Nevada, Cascade, Peninsular,
and Transverse mountain ranges (Fig. 3.2). The average uncorrected pairwise sequence
divergence between clades was 0.044 (s.d. = 0.007). There was only one sampling locale
(M ono Lake region in central California) that contained individuals with haplotypes from
both clades. A t this site, there were three individuals sampled (M BM 12162, 12167,
12180; Appendix I) and each possessed a unique and private haplotype (Haps: 30, 31,
41). Two o f these haplotypes were associated with the Eastern Clade (31 and 41) and
one was associated w ith the Western Clade (30; Fig. 3.2).
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Within clades, phylogenetic structure was generally shallow. There was a
complete lack o f bootstrap support for relationships among haplotypes within the
Eastern Clade (Fig. 3.2). Within the Western Clade, there were only two well-supported
branches. The first o f these supported (81% bootstrap) the close association o f three
haplotypes (16-18) found only in the Siskiyou population o f northern California. The
second branch supported (70% bootstrap) the close association o f haplotypes (1-10, 21)
found only in populations from the Peninsular and Transverse ranges o f southern
California.
The divergence time estimate for the split between the Eastern and Western clades
of the M ountain Chickadee provided by MDiv was T - 2.52 (95% HPD T = 0.8 - 6.04).
Using our estimates o f p to convert the MDiv estimate to real time, we inferred the
Eastern and Western clades diverged from one another approximately 610 000 and 1 530
000 years ago.
Inter- and Intra-population analyses: Eastern Clade
Genetic diversity within populations varied substantially (Table 3.1). There were
three widespread haplotypes (33, 48, 70; Appendix I). H aplotype 33 was widespread
throughout the Rocky M ountains (from New Mexico north to British Columbia);
however, in the Great Basin populations the frequency o f H aplotype 33 declined and was
replaced in frequency by haplotypes 48 and 70. Thirteen o f the 17 populations
examined within the Eastern elade possessed private haplotypes (Table 3.1). The Great
Basin populations exhibited a high number o f private haplotypes per population (five o f
six populations with three or more private haplotypes. Table 3.1; Test Site, Spring M ts,
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Toiyabe, Snake, Monitor). Nucleotide diversity was low throughout and ranged from
0.000481 in Valencia Co., New Mexico to 0.009396 in the Snake Range, Nevada. There
was no relationship between nucleotide diversity and latitude. Only one population
(Snake Range, Nevada) demonstrated a significant deviation from a mismatch distribution
expected under a model o f exponential population growth (Table 3.1). Tajima’s D
differed significantly from the expectation under neutrality in three populations
(Coconino, N Central Rockies, and Sacramento). Fu’s

differed significantly from the

expectation under neutrality in seven populations (Coconino, N Central Rockies,
Valencia, Kootenai, Test Site, Toiyabe, and Monitor; Table 3.1, Fig. 3.1). Deviations
from the expectation under neutrality for both Tajima’s D and Fu’s

for geographically

constrained samples are often attributed to recent population expansion (Tajima 1989; Fu
1999).
The Snake Range population was an outlier for most intra-population statistics.
This population exhibited a significantly bimodal mismatch distribution, large positive
values of D and F^, and nucleotide diversity nearly four times greater than any other
population in the Eastern Clade. The cause o f this was the presence o f a divergent
haplotype (78) found only in three individuals within the Snake Range (Fig. 3.2,
Appendix I). This divergent haplotype was 5 base changes different than its closest
relative, but appeared to be in a derived position on the ML phylogeny. When included
in the inter-population analyses, this population behaved poorly resulting in
unrealistically high estimates o f 0 and irreproducible results. Because o f these
complications, this population was removed from the final inter-population analyses.
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Hierarchical analysis o f molecular variance (AMOVA) o f populations in the
Eastern Clade indicated that there was significant genetic structure at multiple levels
(Table 3.2). M ost o f the variation was found within populations (64.9%; Table 3.2).
There was also significant variation between the populations in the Great Basin versus
the Roeky M ountain regions (18.8%; <I>sc = 0.201), and significant genetic variation
among populations within the Great Basin and Rocky Mountain regions (16.3%; <E>st =
0.351). A Mantel test failed to find a correlation between geographic distance and
genetic distance among all populations o f the Eastern Clade (r = 0.0032, p = 0.97; Fig.
3.3). However, because we observed significant genetic structure between the Rocky
Mountain and Great Basin populations, we ran an additional Mantel test that only
included populations from the Rocky Mountains (excluding the isolated Great Basin
populations). The results o f this test suggested that Mountain Chickadee populations in
the Rocky Mountains do show a significant isolation-by-distance pattern (r = 0.3153, p =
0.0179; Fig. 3.3).
The Mountain Chickadee populations on Great Basin mountain ranges exhibited
many characteristics o f insular populations: high frequency o f private haplotypes,
genetically dissimilar to the Roeky Mountain populations (AMOVA), and genetically
dissimilar to one another (AMOVA). To assess how genetically isolated these
populations are, we used

m ig r a t e

to calculate the amount and direction o f gene flow

observed among populations within the Great Basin and their nearest neighboring
populations in the western and northern Rocky Mountains (Fig. 3.4). The results o f the
M IG R A T E

analyses indicated very low levels o f gene flow ( 0 - 2 females per generation;

Fig. 3.4) from the western and northern Rocky Mountains (populations 1-3) into the
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Great Basin (populations 5, 8) and vice versa. Rates o f gene flow among populations
within the Great Basin varied (Fig. 3.4). Gene flow between the Spring Mountains
(population 5) and the Ruby Mountains (population 8) and their nearest Great Basin
neighbor were low ( 0 - 2 females per generation; Fig. 3.4). Conversely, the rates o f gene
flow among the Monitor Range, Nevada Test Site, and Toiyabe Range populations
(populations 4, 6, 7) were moderate to high (>2 females/generation; Fig. 3.4). High to
moderate rates o f gene flow were also observed among the populations o f the Rocky
Mountains (>2 females/generation; Fig. 3.4).
Inter- and intra-population analyses: Western Clade
As in the Eastern Clade, within population genetic diversity in the Western clade
varied substantially. Genetic variation in the Western Clade appears to be partitioned
between the southern populations from the Tranverse and Peninsular ranges and the
northern populations from the Sierra Nevada and Cascades. This result was expected
because the phylogeny supported (70% bootstrap) the close relationship o f a clade o f
haplotypes found only in populations from the Transverse and Peninsular ranges o f
southern California (Fig. 3.2). The median joining network and map in Fig. 3.5 show the
relationships among haplotypes in the Western Clade and the geographic distribution of
those haplotypes between northern and southern California. There were two widespread
haplotypes (Haplotypes 3 and 11; Fig. 3.2 and 3.5). Haplotype 3 was found only in the
populations from the Transverse and Peninsular ranges o f southern California (Los
Angeles, San Bernardino, Riverside, and San Diego; Fig. 3.5). In contrast, haplotype 11
was widespread and very eommon in the northern populations o f the Sierra Nevada and
Cascades, but also found in low frequency in two populations from the Transverse range
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(Fig. 3.5). Nucleotide diversity was low in all populations (jr = 0.000288 - 0.003376;
Table 3.1), and showed no relationship with latitude (data not shown). No populations
deviated signifieantly from the expected mismateh distribution under a model o f
exponential growth, nor did they deviate from the expectations o f a neutral model o f
evolution {D and Fy, Table 3.1).
AMOVA analysis indieated that there was significant genetic structure at many
levels within the Western Clade (Table 3.2). Most o f the genetic variation can be
explained at the regional level (42.9%, Osc = 0.528; Table 3.2), when the populations
were grouped as southern Transverse/Peninsular populations and northern Sierra
Nevada/Cascade populations. However, there was also a considerable amount of
variation among populations within regions (30.2%, 0m = 0.731; Table 3.3), and within
populations (26.9%, 0ct = 0.429; Table 3.3).
The genetic variation observed between southern Transverse/Peninsular
populations and northern Sierra Nevada/Cascade populations in the Western Clade can be
explained by either incomplete lineage sorting or recent gene flow between the two
regions. These two phenomena are often difficult to distinguish from one another,
because they result in similar patterns o f genetic variation (Nielsen & Wakeley 2001).
However, new coalescent-model based methods

(IM

and

M D iv )

have proven efficient at

inferring the relative effects that lineage sorting and gene flow have had on the
structuring o f genetic variation between naturally occurring and simulated populations
(Nielsen & Wakeley 2001; Hey & Nielsen 2004). We applied the isolation with migration
model to our data in the Western Clade. The populations were grouped as follows (see
Fig. 3.4): South (Transverse/Peninsular populations) and North (Sierra Nevada/Cascade
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populations). Each parameter estimate possessed a strongly unimodal distribution (data
not shown). The modes for the 6 (effective population sizes scaled to the neutral
mutation rate) estimates o f both populations were very similar: ©south = 25.16 (95% HPD
12.07-47.21) and 0Norih = 27.23 (95% HPD 14.54-48.05). Ancestral 0, however, was
mueh smaller

(0

a

= 4.93, 95% HPD 0.77-43.09). These estimates o f theta suggested that

both northern and southern populations have experienced recent population growth, and
that the extent o f this growth was effectively the same in both areas. These results were
consistent with the results o f the mismatch distribution analyses (Table 3.1), thus
suggesting that Mountain Chickadee populations in the Western Clade have grown
substantially.
Gene flow and divergence estimates (from the IM analyses) between North and
South groups of Mountain Chiekadees in the Western Clade were consistent with
independent reeent histories. The posterior distributions for gene flow from North to
South and South to North both peaked a tm = 0.005 and the 95% HPD intervals include
zero (95% HPDNorth-south 0.0-0.47 and 95% HPDsouth-Nonh 0.0-1.02). When converted to
real estimates o f gene flow, less than a single female migrant per generation (M = 0.61;
95% HPD 0-13) has moved between the northern and southern populations since their
separation. The mode for our estimate for the divergenee time (scaled by the neutral
mutation rate) between northern and southern populations was t = 0.885 (95% HPD
0.585-7.79), which suggests these populations diverged from each other approximately
51 000 and 130 000 years ago.
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Discussion
Broad-scale phylogeographîc patterns and concordance with co-distributed taxa
Overall, our data agree with the two-fold response to Quaternary climate change
suggested by Barrowclough et al. (2004). There are two widespread phylogroups o f
Mountain Chiekadee that can be separated from each other on a North/South axis along
the eastern face of the Sierra Nevada and Cascade mountain ranges (Fig. 3.2). This
East/West split corroborates previous findings (Gill et al. 1993, 2005) o f a genetic break
in Mountain Chickadees; however, due to our dense géographie sampling, this is the first
time the distribution of these two phylogroups has been described. Also, the two elades
are remarkably consistent with patterns o f morphologieal variation within Mountain
Chiekadees (baileyi groups in the West and gambeli groups in the East) and support the
hypothesis o f the long-term isolation o f Mountain Chickadee populations in the Sierra
Nevada and Rocky Mountains (Behle 1956).
Considerable evidence exists in the pollen (Graham 1999) and fossil (Williams et
al. 1999) records that montane coniferous forests were isolated in eastern (Roeky
Mountain) and western (Sierra Nevada) réfugia at the southern edge o f their eurrent
distribution during the glacial advances o f the Pleistoeene epoch (12 000 - 1 800 000
years ago). If the fauna that inhabit these forests were similarly fragmented as they
tracked their preferred habitat into these isolated glacial réfugia, then we would expect
genetic divergences between Rocky Mountain and Sierra Nevada populations to
correspond temporally with the Pleistocene. The range o f divergence time estimates (610
000 - 1 530 000 years ago) between phylogroups o f Mountain Chickadees falls entirely
within the Pleistocene. Therefore, the divergence between clades o f Mountain Chickadee

49

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

is concordant with a Pleistocene glaeial réfugia hypothesis. Similar patterns of
divergence have now been observed in Blue Grouse (Barrowclough et al. 2004), W hite
breasted Nuthatches (Spellman & Klicka unpublished data), flying squirrels (Arbogast
1999), and tree squirrels (Arbogast et al. 2001). However, the timing o f divergenee in
these taxa varies substantially (for example 30 000 years in Blue Grouse, 300 000 —600
000 years in White-breasted Nuthatches, and 700 000 - 1 300 000 years in flying
squirrels), and often these estimated divergenee times do not overlap. Because climate
change throughout the Pleistocene was eyclical, glacial réfugia would have occurred
episodically throughout the epoch during periods of glacial maxima. The differences in
divergence time between eastern and western clades in these co-distributed taxa could be
due to the fact that these taxa were originally isolated into these réfugia during different
glacial maxima. On the other hand, we also cannot exclude the possibility that the
differences in divergence time between these taxa are simply due to coalescent
stochasticity (Edwards & Beerli 2000) or poor estimates of the rate o f molecular
evolution for the mtDNA genes used in these studies (for review see Arbogast et al. 1998;
Lovette 2004). Regardless o f whether these divergences all correspond to the same
isolating event or to multiple events, there is a growing body o f evidence from
phylogeographie studies that the Pleistocene elimatic cycles and glacial réfugia played an
integral role in the evolution o f western North American montane taxa (Arbogast et al.
1997, 1999; Barrowelough et al. 2004; Spellman & Klicka unpublished data).
The two phylogroups o f Mountain Chickadee have also recently eome into
contact. Our data identified a single sampling location, near Mono Lake and Mono
Crater in Central and Eastern California, with a population that eontained mitochondrial
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DNA from both Eastern and Western clades. The extent o f introgressive hybridization
occurring within the site is difficult to infer, because we were only able to obtain 3
individuals from this site. Nonetheless, we suggest that the frequency of individuals with
mtDNA from either clade is relatively equal given that even with the small sample size
we identified both clades within this population. The location o f the contact zone
between Eastern and Western clades o f Mountain chickadee does not direetly correspond
to the contact zones observed in other co-distributed taxa. In Blue Grouse and tree
squirrels, contact zones between eastern and western clades were observed in the
coniferous forests o f eastern Washington and eastern Oregon respectively (Barrowclough
et al. 2004; Arbogast 1999). Interestingly, all three o f these contaet zones appear to be
narrow or extremely localized and correspond directly to areas emphasized by Remington
(1968) as “suture zones” between the biotas o f the Rocky Mountains and Sierra
Nevada/Cascades. It is likely the contact zones observed in Mountain Chickadees, Blue
Grouse, and tree squirrels are geographically restricted because the phylogroups have
only recently come into contact in these areas. However, a thorough genetic
characterization o f the populations in these areas is necessary to truly tease apart the
nature of the zones o f introgression.
Phylogeography and population structure: Eastern Clade
Genetic structure in the Eastern Clade reveals three distinct patterns. First,
genetic structure throughout the clade is shallow and only a single population (Snake
Range, NV) exhibits a mismatch distribution that deviates from the expeetation under a
model o f exponential population growth (Table 3.1). Population genealogies with
evolutionary patterns consistent with rapid population growth and expansion are indeed

51

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

the norm for North American temperate taxa (Zink 1996,1997; Mila et al. 2000, Lessa et
al. 2003; Zink et al. 2004; Peters et al. 2005). Evidently the Mountain Chickadee is no
exception to this rule, as our data suggests that populations in the Rocky Mountains and
Great Basin have experienced a period o f explosive population growth and expansion.
However, there is no direet evidence in our data to infer the direction o f population
expansion. Several studies on the genetic consequences of Quaternary climate change
have demonstrated a pattern o f decreasing genetic diversity with increasing latitude in
temperate taxa (Hewitt 1996; M ila et al. 2003; Lessa et al. 2003); a pattern consistent
with the expansion o f populations from southern réfugia. Nucleotide diversity (ti) is low
throughout the distribution o f the Eastern Clade o f the Mountain Chickadee, and does not
show a pattern o f decreasing genetic diversity with inereasing latitude. The behavioral
life history traits o f Mountain Chickadees can also explain the pattern o f low nucleotide
diversity throughout the Eastern Clade. In Mountain Chickadees, the caching o f conifer
seeds promotes the formation o f tight social groups (McCallum et al. 1999). Individuals
normally breed within these groups for the duration o f their life and natal dispersal from
these groups is restricted to neighboring groups (McCallum et al. 1999). Thus, the
evolutionary effective size of local Mountain Chickadee populations is likely very small
and would not be able to harbor as much genetic diversity as non-social species. Low
levels o f nucleotide diversity may simply be the norm in Mountain Chickadee
populations, regardless o f how widespread they appear to be.
Second, there is a significant amount o f genetic variation between populations of
Mountain Chickadees in the Great Basin versus those in the Rocky Mountains (Table
3.2). The mountain ranges o f the Great Basin harbor relatively small patches of
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coniferous forest that are isolated from one another and the larger forests o f the Rocky
Mountains and Sierra Nevada by broad valleys o f sage-brush steppe or desert scrub
habitats. Thus, these forests have been deemed “sky-islands” and the diversity and
distribution of the resident fauna on these mountain ranges has played an integral role in
the discussion o f the application o f island biogeographical theory (MaeArthur & Wilson
1963) to continental “sky-island” systems (Johnson 1975,1978; Brown 1978). The
Mountain Chickadee was one o f the original bird species used to study patterns o f
diversity on the Great Basin mountain ranges (Johnson 1975, 1978; Brown 1978). In
these papers, it was generally concluded that bird diversity was not determined by an
equilibrium between island size and distanee from a continental source o f migrants (i.e..
Rocky Mountains or Sierra Nevada) as hypothesized by traditional island
biogeographical theory. Instead, it was suggested that migration (gene flow) into the
Great Basin mountain ranges was too frequent and they were not behaving like true
‘islands’ (Brown 1978), or that bird diversity on these mountain ranges was determined
by ecological complexity within the ranges (Johnson 1975, 1978). Although, we cannot
directly test the second o f these hypotheses (Johnson 1975, 1978), we can assess the
patterns o f gene flow within the Great Basin and between the Great Basin and the Rocky
Mountains. Our estimates o f gene flow into and around the Great Basin suggest mixed
support for the hypothesis o f frequent migration. The rate o f gene flow into the Great
Basin from the Rocky Mountain populations is less than 2 females per generation and
appears to be restricted to the southern populations (Fig. 4). Rates o f gene flow among
the populations in the Great Basin vary substantially. The populations on the periphery
o f the Great Basin exchange very few female migrants with those on the central ranges
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and the central ranges exchange many female migrants per generation (Fig. 4). These
patterns o f gene flow among populations o f Mountain Chickadees in the Great Basin and
between these populations and the Rocky Mountains suggest that many o f the mountain
ranges are behaving like ‘islands’ contrary to the frequent migration hypothesis (Brown
1978). However, it is possible that male mediated gene flow is frequent between Great
Basin mountain ranges, and we are missing it because o f the maternal inheritance of
mtDNA. Further study o f gene flow among Great Basin populations o f Mountain
Chickadees using multiple unlinked nuclear loci would help elucidate the true insularity
(or lack o f insularity) o f the populations on these isolated mountain ranges.
Lastly, Mountain Chickadee populations in the Rocky Mountains show a pattern
o f isolation-by-distance (Fig. 3.3). Once again, the behavioral life history traits o f
Mountain Chickadees are likely responsible for this pattern. As stated before, the
formation o f tight, life-long social groups in Mountain Chickadees coupled with limited
natal dispersal would restrict gene flow to neighboring groups (McCallum et al. 1999).
Thus, even though Mountain Chickadees are widely distributed, gene flow is limited.
This lack o f long distance dispersal would severely curtail gene flow over great distances
allowing for the genetic divergence o f populations at the ends o f the Mountain
Chickadee’s broad distribution.
Phylogeography and populations structure: Western Clade
Our data indicate, through multiple analyses (e.g., AMOVA and IM), that Mountain
Chickadee populations in the Transverse and Peninsular ranges o f southern California
and Mountain Chiekadee populations in the Sierra Nevada and Cascade Ranges have
experienced recent independent evolutionary histories. The results o f the IM analysis
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suggest these populations were separated within the last 130 000 years and have
exchanged less than a single female migrant per generation since their separation. Recent
phylogeographie studies o f other bird speeies distributed aeross this area, suggest that
species that occupy chaparral and coniferous forest habitats commonly exhibit a shallow
phylogenetic break between Northern and Southern California (Cicero 1996; Barhoum &
Burns 2002; Sgariglia & Burns 2003). Phylogenetic or phylogeographie breaks between
the Peninsular/Tranverse and the Sierra Nevada/Caseades mountain ranges are also often
observed in many non-avian taxa that inhabit the California Floristic Province, but the
depth o f divergence between populations is normally deeper in these groups (Calsbeek et
al. 2003). The rapid uplift o f the Transverse and Peninsular mountain ranges in the
Pliocene (Axelrod 1958; Graham 1999) is often invoked as the vicariant event
responsible for these phylogenetic splits; however, an event o f Pliocene age is far too old
to account for the splits observed in the avian studies conducted to date. Instead, the
recent separation o f avian populations in the Transverse and Peninsular ranges is most
likely in response to shifts in habitat distribution due to recent climate change (Axelrod
1979; Betancourt & VanDevender 1990; Graham 1999). Within the last 50 000 years,
Sonoran and Mojave xeric vegetation has expanded dramatically in southern California
(Axelrod 1979, Betancourt & VanDevender 1990). This expansion o f desert vegetation
into the valleys between southern California mountain ranges has led to the fragmentation
and isolation o f chaparral, forest, and woodland habitats. These relatively recent habitat
shifts appear to have dramatically reduced or halted gene flow between the avifaunas o f
the Transverse/Peninsular ranges o f Southern California and the Sierra Nevada, at least in
the few taxa that have been examined so far. Further phylogeographie research on
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additional resident birds of the Transverse and Peninsular mountain ranges is necessary to
determine how common this pattern is.
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Table 3.1 Genetic diversity within populations. The values in the columns correspond to
sample size (N), number o f unique haplotypes (H), number o f private haplotypes (Pri.),
nucleotide diversity (jt) and its 95% confidence interval, significance o f the mismatch
distribution (MM; ns = not significantly different from the expectation under exponential
growth), Tajim a’s D, and Fu’s Fs. The numbers to the left o f the populations from the
Eastern clade correspond to the populations shown in Fig. 3.
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T o iy a b e , N V

10

7

3

0 .0 0 2 4 0 5

0 .0 0 1 7 4

ns

0 .6 8 6

-3.89

7

M o n ito r, N V

10

7

3

0 .0 0 2 9 8 2

0 .0 0 2 0 5 8

ns

-0 .6 9 7

-3 .1 6 7 .

8

R uby, N V

10

3

0

0 .0 0 1 5 3 9

0 .0 0 1 2 5 1

ns

1.641

0 .6 0 2

9

M e rritt, B C

9

3

1

0.001122

0 .0 0 1 0 1 8

ns

0 .1 9 5

-0 .1 0 7

10

F rase r, B C

11

5

0

0 .0 0 1 9 9 4

0.001495

ns

-0 .7 3

-1 .2 6 5

11

K o o te n a i, ID

11

5

1

0 .0 0 1 5 7 4

0 .0 0 1 2 5 9

ns

-0 .7 3 6

-1 .8 4 4

12

M isso u la , M T

11

5

2

0 .0 0 1 9 4 1

0 .0 0 1 4 6 6

ns

-0 .0 5 4

-1 .3 2 9

13

N C e n tra l R o c k ie s

16

8

6

0 .0 0 1 9 3 6

0 .0 0 1 4 1 8

ns

-1.855

-4 .4 4 8

14

Snake, N V

10

5

3

0 .0 0 9 3 9 6

0 .0 0 5 4 9 1

<0.01

1.445

2.293

15

S an M ig u e l, N M

10

3

0

0 .0 0 1 0 9

0 .0 0 0 9 8 6

ns

-1 .0 3 4

-0 .0 4 6

S a c ra m e n to , N M

17

5

2

0 .0 0 1 8 0 4

0 .0 0 1 3 4 1

ns

-1 .6 6 8

-0 .7 7 4

V a le n c ia , N M

12

3

2

0 .0 0 0 4 8 1

0 .0 0 0 5 7 9

ns

-1.451

-1 .3 2 4

19

S an D ie g o , CA

14

4

3

0 .0 0 1 7 2 6

0 .0 0 1 3 1 6

ns

-0 .1 5 7

-0 .0 2 3

20

R iv e rsid e , CA

11

5

3

0 .001441

0 .0 0 1 1 4 6

ns

-1 .1 0 8

-1 .4 2 6

21

S a n B e rn a rd in o , CA

13

4

2

0 .0 0 1 1 0 8

0 .0 0 0 9 7 2

ns

-0 .6 4 5

-1 .0 7 9

22

L o s A n g e le s, C A

10

3

2

0 .0 0 2 8 8 2

0 .0 0 2 0 0 2

<0.01

0 .5 2 7

1.982

23

V e n tu ra , C A

10

4

2

0 .0 0 1 3 1 3

0 .0 0 1 1 1 9

ns

-0 .5 0 6

-1.071

ns

0.525

0.108

16
17
W estern
C lad e

24

C arso n R a n g e, N V

10

3

3

0 .0 0 1 1 8 5

0 .0 0 1 0 4 3

25

S isk iy o u , C A

15

6

1

0 .0 0 3 3 7 6

0 .0 0 2 1 8 7

ns

-0 .5 7 5

-0.4

26

G le n n , C A

10

1

1

na

na

na

na

na

27

M e n d o c in o , CA

10

2

0

0 .0 0 0 2 8 8

0 .0 0 0 4 3 9

ns

-1.111

-0 .3 3 9

28

T rin ity , C A

10

2

1

0 .0 0 0 2 8 8

0 .0 0 0 4 3 9

ns

-1.111

-0 .3 3 9
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Table 3.2 Analysis o f molecular variance (AMOVA). Analyses were performed
separately for populations in each clade.
Clade

Category description

% Var.

Statistic

P

18.77

Osc = 0.201

<0.001

E a s te r n
A m o n g r e g i o n s ( R o c k ie s v G r e a t B a s in )
A m o n g p o p u l a t i o n s in r e g i o n s

16.30

Oft = 0.351

<0.001

W ith in p o p u la t io n s

64.93

Oct = 0.188

<0.001

A m o n g re g io n s (S ie rra /C a s c a d e s v

42.87

Osc = 0.528

<0.001

A m o n g p o p u l a t i o n s in r e g i o n s

30.15

Oft = 0.731

<0.001

W ith in p o p u la t io n s

26.98

Oct = 0.429

<0.001

W e s te r n
T ra n s v e r s e /P e n in s u la r R a n g e s )
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Figure Legends
Figure 3.1 Géographie distribution o f the Mountain Chickadee and sampling localities.
The shaded areas correspond to the three major morphological groups described by Behle
(1956): Gambeli - light gray, Inyoensis - dark gray, and Baileyi - white. The numbers
on the map mark the sampling localities listed on Table 1.
Figure 3.2 Maximum likelihood phylogeny o f all unique haplotypes. The values above
the branches are maximum likelihood bootstrap values (>70% support). The geographic
distribution o f the two clades is portrayed on the inset map.
Figure 3.3 Scatter-plots o f genetic differentiation and geographic distance showing the
results of the Mantel tests in the Eastern Clade. Top: all populations included. Bottom:
Great Basin populations removed.
Figure 3.4 Gene flow estimates in the Great Basin. The outlined area within the map
portrays the hydrological limits o f the Great Basin. The numbers correspond to the
numbered populations in Table 1. The eolor or pattern o f the arrows eorresponds to the
number o f female migrants per generation as determined by the program

m ig r a t e

and

detailed in the legend in the lower left-hand comer o f the map.
Figure 3.5 Population sampling and genetic variation in the Western Clade. The map
shows the location o f all populations sampled with sample sizes o f N > 10. The black
and white circles show the general geographic distribution o f haplotypes in the network.
The populations with the black and white pattern show the southern populations that
share a haplotype with the northern populations. On the right, median joining network of
haplotypes in the Western Clade: Black = Northern populations. White = Southern
population.
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Figure 3.1
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CHAPTER 4

PHYLOGEOGRAPHY OF THE WHITE-BREASTED NUTHATCH {SITTA
CAROLINENSIS): DIVERSIFICATION IN NORTH AMERICAN PINE AND OAK
WOODLANDS^
Abstract
Pine and oak woodlands are widely distributed and disjunct North American
floral communities with distinct regional species composition. The White-breasted
Nuthatch (Aves: Sitta carolinensis) is a common resident bird o f North American pine
and oak woodlands, and is distributed continentally across the highly disjunct distribution
o f these pine and oak woodlands. We propose three historical hypotheses to explain the
evolution o f the continental distribution exhibited by the White-breasted Nuthatch. (1)
The species evolved in situ in the regional pine-oak communities and the isolation o f
populations in these regions is captured in cryptic genetic variation. (2) Migration o f
individuals between regions is frequent enough to maintain the widespread distributions
and prevent regional divergence. (3) The species have recently expanded to occupy their
current distributions and an insufficient amount o f time has passed for divergence to
occur. Phylogenetic analysis o f mitochondrial DNA variation (N = 216) in the White
breasted Nuthatch reveals four reciprocally monophyletic clades concordant with the
distribution o f the regional North American pine and oak woodlands, and supports

^ The material in this chapter is a collaboration with J. Klicka. It is written in the style
and format o f the scientific journal Molecular Ecology. Submission is pending.
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Hypothesis 1 o f in situ evolution o f populations in the regional pine and oak
communities. Within clade population structure and demographic history is also
discussed.

Introduction
Pine and oak (pine-oak hereafter) woodlands are some o f the most widespread
floral communities in North America (Little 1971,1976, 1977). They are distributed
across the continent at mid-latitudes, but do exist as far north as British Columbia and as
far south as Nicaragua. They are also disjunct habitats with distinct regional species
assemblages (Eastern North America, Rocky Mountain/Great Basin, Californian, Sierra
Nevada/Cascades, and Mexican/Central American [Madrean] assemblages; Remington
1968; Little 1971, 1976, 1977; Graham 1999). In fact, not a single pine (Pinus) or oak
{Quercus) species is continentally distributed across all o f these regions (Little 1971,
1976, 1977). The origination o f these distinct regional pine-oak communities is
primarily attributed to the fragmentation o f the once continentally distributed Tertiary
forests in response to late Miocene and Pliocene (1 4 - 2 .5 Mya) mountain building in
western North America (Graham 1999). However, the contraction o f pine-oak habitats
into réfugia during Quaternary glacial advances likely reinforced the isolation and
independent evolution o f regional communities (Betancourt et al. 1990; Graham 1999).
The division o f pine-oak forests into specific regional communities should be
mirrored by patterns o f faunal diversity, if the fauna that inhabit these forests evolved in
situ over time in pine-oak forests. In fact this is the case for many pine-oak adapted
fauna; however, there are a number o f bird species that exhibit continental distributions
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across these disjunct pine-oak habitats [i.e.. Brown Creeper (Certhia americana).
Chipping Sparrow (Spizella passerina). Dark-eyed Junco {Junco hyemalis). Hairy
Woodpecker (Picoides villosus). White-breasted Nuthatch (Sitta carolinensis)]. The
evolution o f the widespread distributions exhibited by these birds can be explained by
three alternative historical hypotheses. (1) The species evolved in situ in the regional
pine-oak communities and the isolation o f populations in these regions is captured in
cryptic genetic variation (deep phylogenetic structure and reciprocal monophyly of
regional populations). (2) Migration (high historical rates o f gene flow) o f individuals
between regions has been frequent enough to maintain the widespread distributions and
prevent regional divergence. (3) The species have recently expanded to occupy their
current distributions and an insufficient amount o f time has passed for divergence to
occur (incomplete lineage sorting). In this study, we explore which o f these historical
hypotheses best explains the continental distribution o f the White-breasted Nuthatch
(Sitta carolinensis) through a phylogeographic study o f mitochondrial DNA (mtDNA)
variation in this species.
The White-breasted Nuthatch is a common permanent resident o f North American
pine-oak forests (Fig. 4.1). It is a good candidate for phylogeographic study and to
evaluate the proposed historical hypotheses because it exhibits philopatry and
territoriality throughout its range, no long distance migratory behavior, and marked
geographic variation (Pravosudov & Grubb 1993). The AOU (1957) officially
recognizes eight subspecies o f White-breasted Nuthatch (Fig. 4.1): S', c . carolinensis
(southeastern U.S.), S. c. cookei (northeastern U.S.), S. c. nelsoni (Rocky Mountains and
eastern Great Basin), S. c. tenuissima (eastern slope o f the Sierra Nevada and Cascades
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and western Great Basin), S. c. aculeata (western slope o f the Sierra Nevada, Pacific
coast ranges. Transverse and Peninsular ranges of southern California), S. c. alexandrae
(northern Baja California), S. c. lagunae (southern Baja California), S. c. mexicana
(Sierra Madre Oriental, Occidental, and del Sur and Transvolcanic Belt o f Mexico). The
described subspecific (geographic) variation in White-breasted Nuthatches is based on
clinal variation in plumage coloration (darkness o f the back, degree o f rustiness o f the
flanks, and pattern on the undertail coverts) and bill shape (Ridgeway 1904; Phillips
1986; Wood 1992). We use complete mtDNA ND2 sequences to examine patterns of
genetic structure in the White-breasted Nuthatch, and interpret these patterns within the
three historical hypotheses proposed to explain its continental distribution.

Materials and Methods
Samples and Laboratory techniques
Tissue samples were obtained for 216 individuals from 30 different localities and
represented all but one (S. c. alexandrae; Northern Baja California) o f the recognized
subspecies o f White-breasted Nuthatch (see Fig. 4.1 for sampling localities and Appendix
11 for complete specimen details). Samples o f S. europea and S. himalayensis were
obtained from the AMNH (AMNH-DOT 5225 and 5598, respectively) and used as
outgroup taxa for phylogenetic analyses.
Total genomic DNA was extracted from all specimens using a DNeasy tissue
extraction kit (Qiagen, Valencia, CA) following the manufacturer’s protocol. We
amplified and sequenced the NADH dehydrogenase subunit 2 (ND2) gene using the
primers L5215 (Hackett 1996) and H6313 (Johnson and Sorenson 1998). The ND2 gene
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evolves rapidly and has proven useful for uncovering intraspecific genetic structure in
Passeriform birds (Drovetsky et al. 2004; Zink et al. 2006). All fragments were amplified
in 12.5uL reactions under the following conditions: dénaturation at 94 C, followed by 40
cycles of 94 C for 30s, 54 C for 45s, and 72 C for 1 minute. This was followed by a 10
minute extension at 72 C and 4 C soak. Products were purified using a Qiagen PCR
Purification Kit or Exosap-IT (USB Corporation) purification following the
manufacturer’s protocols. We performed 20uL BigDye (ABI) sequencing reactions using
20-40 ng o f purified and concentrated PCR product following standard ABI protocols.
Sequencing reactions were purified using a magnetic bead clean-up procedure designed by
Agencourt Biosciences and run on an ABI o\OQ-Avant automated sequencer.
Complementary strands o f each gene were unambiguously aligned using Sequencher 4.2
(Gene Codes Corporation, Ann Arbor, M l). All sequences were translated and compared
to the chicken ND2 Sequence (Desjardins and Morais 1990) to confirm the correct reading
frame and to check for the presence o f stop codons.
Phylogenetic Methods
Maximum parsimony (M P) and maximum likelihood (ML) phylogenetic analyses
were used to identify major clades and evaluate relationships among haplotypes. All MP
analyses were performed in PAUP* 4.10b (Swofford 2001) using a heuristic search with
10 random sequence repetitions and tree-bisection-reconnection (TBR) branchswapping.
Preliminary MP analysis revealed 63 678 equally parsimonious trees; however, these
trees only differed from one another by the relationships among the terminal branches
(haplotypes within clades) and the relationships among clades remained stable.
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Maximum likelihood analyses were performed using
Oct.2005). First,

m odeltest

t r e e f in d e r

(Jobb et al. 2004; Ver.

3.06 (Posada & Crandall 1998) and the AIC model

selection criterion (Shapiro et al. 2006) with the outgroup sequence removed were used to
select a model o f sequence evolution to be used for ML phylogeny reconstruction. This
model was then set as the model o f sequence evolution for the

t r e e f in d e r

reconstructions. Non-parametric bootstrapping (200 replicates; Felsenstein 1985)
performed in the programs PAUP* (M P) and

t r e e f in d e r

(ML) was used to evaluate

nodal support among clades, with 70% or greater considered to provide strong support
(Hillis & Bull 1993).
Divergence times between clades were estimated using the program
& Wakeley 2001).

m d iv

m d iv

(Nielsen

applies an isolation with migration model to the data and uses a

Bayesian approach to simultaneously approximate the posterior distribution o f three
parameters: divergence time between populations {T = taJ2Ne), the migration rate
between populations since divergence {M = 2Nem), and the population parameter theta (6
= 2Vg|T, where p, is the per locus mutation rate. However, because we were interested in
the estimation of divergence time between well-supported clades, we set the migration
rates between clades to zero and only estimated divergence time. The program was first
run using default search settings and default priors (for the parameters o f interest, 6 and
7). Then, we set our prior value for T to equal 10, because it produced consistent and
well-behaved posterior distributions,

m d iv

analyses were run for 5 000 000 generations

following a burn-in period o f 500 000 generations, and repeated three times to ensure
convergence upon the same posterior distributions for each o f the parameter estimates.
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Estimates o f T were converted to real time assuming a range o f neutral mutation rate
estimates (because a direct rate estimate for the ND2 gene for Sitta is not available) for
mtDNA in birds: 1.0 x 10'* to 2.5 x 10'* substitutions/site/year (for reviews see; Arbogast
et al. 2002, Lovette 2004). These two mutation rates amount to a 2%/My and a 5%/My
clock respectively.
Inter- and Intra- population analyses
Inter- and intra-population level analyses were performed for populations with
sample sizes o f five or more. Genetic diversity within populations was characterized by
the number o f unique haplotypes per population and the number o f private haplotypes
per population. We estimated nucleotide diversity (jr; Nei 1987) along with its 95%
confidence interval (1000 replicates) using the program
2000).

A r l e q u in

A r l e q u in

2.0 (Schneider et al.

was also used to compute mismatch distributions (Slatkin & Hudson

1991) and evaluate their significance (1000 replicates). Tajima’s D (Tajima 1989a,b ) was
calculated using DNAsp (Rozas & Rozas 1999) and its significance tested using
coalescent simulations. To explore whether there existed significant genetic variation
among populations. Analysis o f molecular variance (AMOVA; Excoffier 1992) was
performed with sequences grouped by population within each clade. Only populations
with sample sizes >6 were included in the AM OVAs. All AM OVAs were performed
with the program

A r l e q u in . T o

explore which populations may be responsible for the

observed genetic structure in the AM OVAs, pairwise Fs, comparisons were performed
and their significance evaluated and corrected using a Bonferroni correction for multiple
comparisons.
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M ig r a t e

version 1.7.6 (Beerli & Felsenstein 2001) was used to estimate gene

flow among the isolated populations in the Great Basin with those on the periphery. To
reduce the number o f parameters and degrees o f freedom in our gene flow analyses, we
used a stepping-stone model o f population structure (Kimura & Weiss 1964). Thus, gene
flow was estimated between populations that occurred adjacent to one another. In
M ig r a t e ,

we used the maximum likelihood based estimation and a M etropolis coupled-

M onte Carlo-Markov chain (M CM CM C) procedure. Runs consisted o f 10 short chains
o f 100 000 steps followed by one long chain o f 10 000 000 steps and each chain had a
burn-in period o f 100 000 steps. All chains were sampled every 100 steps. Adaptive
heating was used with four chains and initial temperatures o f 1, 1.3, 1.5, and 2. Starting
values o f theta and gene flow were estimated using Fg,. The F84 model o f sequence
evolution was used with base frequencies estimated from the data. We ran the program
two times w ith different random seed numbers to examine the robustness o f our
estimates.

Results
Phylogenetic analyses, geographic distribution o f clades, and divergence times
We sequenced the complete ND2 gene (1041 bp) for each individual. These
sequences yielded 140 variable sites (111 parsimony informative), identifying 90
haplotypes (Fig. 4.2).

M o d eltest

indicated the G TR + G (R matrix 0.306, 10.489,

0.486, 1.509, 3.242, 1.0; a = 0.0172) as a best fit for our data. Maximum likelihood
analyses using this model of sequence evolution produced a single most likely tree (-In L
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= 2770.41755; Fig. 2). Unweighted MP analysis resulted in 63 678 equally parsimonious
trees (score = 212). Both MP and ML analyses identified the same well-supported
relationships among major clades; thus, we show only the ML phylogeny (Fig. 4.2). The
only differences between the two analyses were the arrangement and relationships among
haplotypes within clades; however, the branches leading to these haplotypes generally
lacked bootstrap support in both MP and ML analyses.
The phylogenetic analyses identified four strongly supported (>70%
nonparametric bootstrap) clades o f White-breasted Nuthatch: 1) Eastern Clade, 2) Pacific
Clade, 3) Eastern Sierra Nevada (ESN hereafter) Clade, and 4) Rocky Mountain, Great
Basin, and Mexico (RGM hereafter) Clade (Fig. 4.2). These clades exhibited almost
complete geographic isolation and in most cases reflect historically described subspecific
variation. The Eastern Clade comprises a monophyletic lineage containing all individuals
sampled from East o f the Great Plains, including individuals from both described eastern
subspecies o f White-breasted Nuthatch, S. c. carolinensis and S. c. cookei. The Eastern
Clade is sister to the Pacific Clade containing all individuals sampled from West o f the
Sierra Nevada and the Transverse and Peninsular ranges of southern California,
representing the subspecies, S. c. aculeata. The uncorrected pairwise sequence divergence
between the Eastern and Pacific Clades ranges from 3.6% to 4.7%.
Sister to the Eastern and Pacific Clades is a lineage that includes the ESN and
RGM clades. These two clades include all the individuals from the eastern slope o f the
Sierra Nevada and Cascade mountain ranges. Great Basin, Rocky Mountains, Sierra
Madre Oriental, Sierra Madre Occidental, Transvolcanic Belt o f Mexico, and the Sierra
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Laguna o f Baja California Sur. Interestingly, the geographic distribution o f the
haplotypes within the four clades o f White-breasted Nuthatch and their phylogenetic
relationships results in a unique leapfrog pattern, where a more distantly related lineage
containing the ESN and RGM clades geographically separates two sister clades. Eastern
and Western clades. Uncorrected sequence divergences between the Eastern and Pacific
Clades and the samples found in the ESN and RGM clades range from 5.5% to 7.2%.
Haplotypes in the ESN Clade are narrowly distributed in populations on the
Eastern slope o f the Sierra Nevada and Cascade mountain ranges from southern California
to southern British Columbia and come from a single subspecies, S. c. tenuissima.
Alternatively, haplotypes in the RGM Clade are widely distributed throughout the
Rocky Mountains, Great Basin, and Mexico (including the isolated Sierra Laguna of Baja
California Sur). The RGM Clade includes samples from three subspecies: S. c. nelsoni, S.
c. mexicana, and S. c. lagunae. Uncorrected pairwise sequence divergences between
individuals in these two clades range from 0.9% to 1.4%. There is evidence of
introgression between the ESN and the RGM clades. Three sampled populations (M ono
Crater, Central California, Spring Mountains, NV, and Black Hills, SD) possess
haplotypes from both clades (Fig. 4.1).
M d iv

estimates o f divergence time (using our two hypothesized rates o f

molecular evolution) suggest that the basal split between the Eastern/Pacific clades and
the ESN/RGM clades occurred 1 400 000 or 3 400 000 years ago (Table 4.3). This was
followed by the divergence o f the Eastern and Pacific clades 630 000 or 1 600 000 years
ago, and the divergence o f the ESN and RGM clades 250 000 or 630 000 years ago.

83

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

Population structure and history: within clade patterns
Analyses o f molecular variance (AMOVA) suggested that there is a significant
amount o f genetic variation partitioned among populations in every clade o f White
breasted Nuthatch (Table 4.2). However, the amount and nature o f the genetic
partitioning among populations differs greatly by clade. In the Eastern Clade, AMOVA
indicated there was significant genetic variation among populations (11.94%), but most
o f the variation was found within populations (88.06%). Although, the AMOVA o f the
Eastern Clade suggested the existence o f signifcant population structure; pairwise Fs,
comparisons between individual populations provided no significant values following a
Bonferroni correction for multiple comparisons (data not shown). Overall, nucleotide
diversity was highest in the Eastern Clade, when compared to the other three clades
(Table 4.1). The mismatch distributions (Fig. 4.3A) for the populations within this clade
were generally not unimodal and two differed significantly from the population
expansion model suggesting a relatively large or stable population size over time.
In the Pacific Clade, nearly half o f the genetic variation was partitioned among
populations (41.30%; Table 4.2), and not a single pairwise Fs, comparison between
populations was insignificant (data not shown). Nucleotide diversity was generally low,
but was greatest in the most southern population (San Diego, CA). The mismatch
distributions for Pacific Clade populations were unimodal (Fig. 4.3B) and did not
deviated significantly from that o f an expanding population.
A significant amount o f genetic variation was partitioned among populations in
the remaining two clades, the ESN Clade and RGM Clade, 14.83% and 24.87%
respectively. As in the Eastern Clade, pairwise Fs, comparisons failed to identify a single
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significant comparison o f population structure in the ESN Clade (data not shown).
However, in the RGM Clade, pariwise comparisons indicated that a single population, the
Morelos population from the Transvolcanic Belt o f central Mexico, was responsible for
the significant genetic structure among populations in this clade (data not shown).
Nucleotide diversity was generally low in both o f these clades; however, the two
populations that contained haplotypes from both clades [E Central California (Mono
Crater) and Spring Mountains, NV] exhibited expectedly high nucleotide diversity (Table
4.1). The mismatch distributions for populations within these two clades were unimodal
and did not differ from that expected o f an expanding population. However, the mean
number o f differences observed in the Morelos, Mexico population from the RGM Clade
was larger than those o f the other populations in the clade (Fig. 4.3).
The mountains o f the Great Basin (commonly referred to as “sky-islands”) harbor
forests (and other montane habitats) that are isolated from neighboring forests by
expanses o f sagebrush and other temperate desert habitats. To assess the degree o f
insularity experienced by White-breasted Nuthatch populations in the Great Basin, we
used

M ig r a t e

to estimate rates o f gene flow between our one well sampled Great Basin

population (Spring Mountains, NV) and its two neighboring populations from the larger
and more contiguous forests o f the eastern slope o f the Sierra Nevada (Mono Crater) and
the forests o f northern Arizona (Coconino). The results of the

m ig r a t e

analyses revealed

asymmetric rates o f gene flow into and out o f the Spring Mountains (Fig. 4.4). Gene
flow into the Spring Mountains from the E Sierra Nevada and the Rocky Mountains was
1.65 and 5.79 females per year respectively. However, the rate o f gene flow out o f the
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Spring Mountains was less than a single female per year (0.29 and 0.16) in both
directions, suggesting that the Spring Mountains are a genetic sink for this species.

Discussion
Deep phylogenetic structure reveals regional isolation
The deep phylogenetic structure observed between the four well-supported clades
o f White-breasted Nuthatch is consistent with the long-term regional isolation of
populations. To determine if the deep phylogenetic structure in the White-breasted
Nuthatch is consistent with historical hypothesis 1 (i.e., the White-breasted Nuthatch
evolved in concert with the regional pine-oak forests); the divergence times between
clades should be concordant with the timing o f the fragmentation o f North American
pine-oak forests (inferred from paleoecological data). The divergence time for the basal
split between the Pacific/Eastern clades and the ESN/RGM clades is 1 400 000 to 3 400
000 years ago. A two million year span makes it difficult to interpret this result;
however, a recent study by Ho et al. (2005) on the tempo o f molecular evolution in avian
mitochondrial protein coding genes suggests that the older dates in this range are likely
better estimates. In this study. Ho et al. (2005) reported a degeneracy in the mutation rate
in mtDNA protein coding genes over time due to purifying selection. Their results
indicated that mutation rates at the beginning o f divergences were many times greater
than the rates at older divergences. They also concluded that the rate over time averaged
approximately 2% per million years for mtDNA protein coding genes, which is a
commonly used mutation rate used for dating mtDNA divergences in birds (Shields &
Wilson 1987; Klicka & Zink 1997; Lovette 2004) and is the rate used to obtain the 3 400
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000 year date for this study. Thus, a divergence time o f ~3 000 000 years is likely a
better estimate for the basal divergence in White-breasted Nuthatches. Between 3 and 4
million years ago the increased aridification o f the intermountain region in western North
America and continued uplift o f the southern Rocky Mountains led to the isolation o f a
disjunct patch o f pine-oak forest in the southern Rocky Mountains (Graham 1999). The
isolation o f White-breasted Nuthatches from populations in the widespread forests to the
North could have resulted in this basal divergence and would provide a mechanism to
explain the geographic leapfrog pattern observed among the four clades (Fig. 4.2).
We estimated the next divergence in the White-breasted Nuthatch between the
Pacific and Eastern Clades to have occurred between 630 000 and 1 600 000 years ago.
However, using the slower rate o f evolution (2% per million years) as discussed above;
the older date is probably a more realistic estimate. Once again, this date and the
phylogenetic pattern make sense biogeographically. The rapid uplift o f the Northern
Cascades occurred approximately 2 - 3 Mya completing the fragmentation o f the once
widespread North American forests (Graham 1999). This coupled with the onset o f
global cooling and climatic oscillations towards the end o f the Pliocene and beginning o f
the Pleistocene (1.6 - 2.4 Mya; Jansen et al. 1988; Raymo & Ruddiman 1992; Lascoux et
al. 2004) would have completely isolated eastern and western forests. White-breasted
Nuthatch populations would also have been fragmented as they tracked their habitat
southward, and the presence o f populations in the southern Rocky Mountains may have
forced the newly fragmented populations to the eastern and pacific forests.
The final divergence between the ESN and RGM clades is estimated to have
occurred between 250 000 and 640 000 years ago. This entire time span falls within the
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Pleistocene; thus, the divergence between these two clades was likely in response to
isolation in glacial réfugia. White-breasted Nuthatches in the E Sierra Nevada Clade and
in most o f the Rocky Mountain, Great Basin, and Mexico Clade are found in association
with mature stands o f Ponderosa pine. Paleoecological (Betancourt et al. 1990) and
phylogeographical (Latta & Mitton 1999) data indicate that Ponderosa pine populations
were isolated in eastern and western réfugia (separated by the Great Basin and
southwestern deserts) during the Pleistocene. We suggest that White-breasted
Nuthatches persisted in both the eastern and western Ponderosa pine réfugia, which led to
the divergence o f E Sierra Nevada and Rocky Mountain populations.
The historical biogeographic scenarios described above rely heavily upon the
molecular dating o f divergence times. Unfortunately, the use o f single locus (mtDNA)
sequence data to calculate divergence times can be problematic, because o f the large
standard errors around dates due to coalescent stochasticity (Edwards &Beerli 2000;
Jennings & Edwards 2005). However, even if the exact times and mechanisms
responsible for the divergences in the White-breasted Nuthatch are not the ones we
propose here; historical hypothesis 1 (independent evolution o f White-breasted
Nuthatches in the regional pine-oak forests) still provides the best explanation for these
phylogenetic relationships within the species. There are four distinct and well-supported
clades o f White-breasted Nuthatch. These four clades are geographically associated with
the regional pine-oak forests o f North America [i.e., California Floristic Province (Pacific
Clade), Eastern pine and oak forests (Eastern Clade), Rocky Mountain/Great
Basin/Mexican pine forests (RGM Clade), and Eastern Sierra Nevada and Cascade pine
forests (ESN Clade)]. Thus, neither hypothesis 2 (frequent gene flow between regional

88

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

forests) nor hypothesis 3 (recent invasion or expansion across the North America
continent) can explain the observed phylogeny. Future phylogeographic research on
additional North American bird species that exhibit continental distributions and occupy
pine-oak forests [i.e.. Brown Creeper (Certhia americana). Chipping Sparrow (Spizella
passerina). Dark-eyed Junco (Junco hyemalis). Hairy Woodpecker (Picoides villosus)]
will help determine if the pattern o f deep phylogenetic structure observed in the W hite
breasted Nuthatch is common or taxon specific.
Population structure and population history within clades
The estimate o f within clade nucleotide diversity (tc) was higher in the Eastern
Clade

(71

= 0.0049), than the estimates for the other three clades

(71

= 0.002). Also, the

mismatch distributions for individual populations in the Eastern Clade were generally
ragged or multi-modal (Fig. 4.3). High nucleotide diversity and a ragged mismatch
distribution are normally considered support for a large and stable historical effective
population size (Nei 1989; Slatkin &Hudson 1991). However, there is considerable
evidence that the pine-oak forests o f eastern North America experienced a dramatic
contraction o f their range during the late-Pleistocene glacial advances (Jackson et al.
1997, 2000). If eastern White-breasted Nuthatch populations receded with the forests, we
would expect n to be low to reflect the population contraction (or at least comparably low
to the values observed in the other clades). We propose two mechanisms to explain the
high genetic diversity observed in eastern White-breasted Nuthatches. First, there is
paleoecological evidence that forest réfugia during Pleistocene glacial maxima were
larger in eastern North America than in western North America (Graham 1999). Thus,
the higher nucleotide diversity in eastern White-breasted Nuthatch could be the product
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o f large réfugiai population size. Alternatively, the fragmentation o f eastern pine-oak
forests in multiple glacial réfugia could also explain the high tc and ragged mismatch
distributions observed in eastern White-breasted Nuthatches. Recent phylogeographic
studies o f two dominant boreal forest tree species (Black Spruce, Jaramillo-Correa et al.
2004; Jack Pine, Godbout et al. 2005) found evidence for multiple glacial réfugia in
eastern North America and the subsequent expansion and current admixture o f genotypes
from these multiple réfugia. Like the boreal forests, it is possible that eastern pine and
oak forests and thus White-breasted Nuthatches resided in multiple glacial réfugia during
the late-Pleistocene. Expansion from these réfugia followed by the interbreeding of these
once separate populations could have resulted in the increased genetic diversity observed
in these populations today. Unfortunately, our sampling o f eastern White-breasted
Nuthatches is not sufficient enough to distinguish between these two réfugiai hypotheses,
but this could easily be addressed through future and more thorough phylogeographic
study o f eastern White-breasted Nuthatches.
Low 71 and unimodal mismatch distributions in the Pacific, ESN, and
ROM Clades are consistent with recent population expansions in these three clades
(Table 4.1; Fig. 4.3). Shallow genealogies with genetic patterns consistent with recent
population expansion northward from southern glacial réfugia are found in many North
American bird species (Avise et al. 1988; Zink 1997; Mila et al. 2000; Peters et al. 2005).
If the recent population expansions in these three clades occurred in a similar fashion, we
would expect

7t

to decrease with increasing latitude (if we eliminate the populations with

inflated estimates o f ti due to introgression; Table 4.1). In fact, this is the case in two o f
the clades: Pacific Clade and ROM Clade. The most southern populations in these two
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clades (San Diego, California and Morelos, Mexico respectively) have the highest
estimates o f % (Table 4.1) and mismatch distributions with greater median values than
those o f other populations in each clade (Fig. 4.3) suggesting a population expansion in
each clade proceeding from south to north. In Mexico, higher genetic diversity
(compared to populations further north) has been observed in montane populations of
pines (Ledig et al. 1997, 1999, 2006; Ledig 1998, 2000; Delgado et al. 1999) and other
birds (Mila et al. 2000). These patterns o f genetic diversity provide additional support for
the hypothesis based on paleoecological data that montane habitats in Mexico were less
affected by Quaternary climate change than mountain ranges further north (McDonald
1993; Graham 1999).
There is significant population structure (supported by both AMO VA and
pairwise Fst analyses) in two clades o f White-breasted Nuthatch: again the Pacific and the
RGM clades. In the Pacific Clade, there is significant population structure among all o f
the sampled populations. The populations o f White-breasted Nuthatches sampled from
this clade come from the coastal California mountain ranges or the Peninsular and
Transverse mountain ranges o f southern California (Fig. 4.1). Recent phylogeographic
studies o f other bird species occurring in or near these mountain ranges, suggest that
species that occupy chaparral, oak, and coniferous forest habitats commonly exhibit a
shallow phylogenetic break or population differentiation between Coastal, Northern, and
Southern California (Cicero 1996; Barhoum & Bums 2002; Sgariglia & Burns 2003;
Spellman et al. unpublished data). Within the last 50 000 years, Sonoran and Mohave
xeric vegetation has expanded dramatically in southern California (Axelrod 1979,
Betancourt & VanDevender 1990). The expansion o f desert vegetation into the valleys

91

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

between southern California mountain ranges resulted in the fragmentation and isolation
o f chaparral, forest, and woodland habitats. This recent fragmentation o f Californian
woodlands is also most likely responsible for the shallow population differentiation
observed in White-breasted Nuthatches.
The pattern of population differentiation in the RGM Clade is driven by the
uniqueness o f a single population: Morelos, Mexico. This population contains seven
private haplotypes (Appendix II). Unfortunately, our population sampling throughout
Mexico is not sufficient to address whether the Morelos, Mexico population is truly
isolated from the other populations in this clade or whether it just represents the end o f a
genetic d in e (isolation-by-distance).
Introgression
Since the last glacial maximum, the ESN and RGM clades have expanded and
recently come into contact. Introgression between these two clades is evident in three
populations: Black Hills - SD, Mono Craters - CA, and Spring Mountains - NV (Fig.
4.1). In the Black Hills, a single individual possessed the most common haplotype in the
ESN Clade and the remaining individuals had haplotypes from the RGM Clade
(Appendix II). The Black Hills are geographically distant from the core o f the ESN
Clade, and yet most of the populations sampled between the Black Hills and this clade do
not demonstrate evidence o f introgression. Thus, the Black Hills introgression likely
represents an isolated migration event.
Introgression in the Mono Craters is not as surprising as it is in the Black Hills.
Remington (1968) proposed the Mono Craters area o f east central California as a contact
zone between the historically separated biotas o f the Sierra Nevada and Rocky
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Mountains. Support for the Mono Craters areas as a contact zone between the Sierra
Nevada and Rocky Mountain avifaunas was also found in a recent phylogeographic study
o f another pine associated bird species, the Mountain Chickadee (Poecile gambeli;
Spellman et al. unpublished data).
Introgession in the Spring Mountains, NV is more extensive. This population
possesses many haplotypes from both the ESN (N = 3) and RGM (N = 8) clades.
Although not hydrologically a part o f the Great Basin biogeographic region, the Spring
Mountains are functionally equivalent to the mountain ranges o f the Great Basin proper.
Thus, these mountains (and associated forests) are considered sky-islands separated from
neighboring mountain ranges by vast expanses o f desert scrub or sagebrush steppe
habitats. Our data indicate that the White-breasted Nuthatch population on the Spring
Mountains experience asymmetric rates o f historical immigration (high) and emigration
(low), as might be expected in an island model. Therefore, it is likely that the genetic
diversity and potentially the long-term stability o f the White-breasted Nuthatch
population on the Spring Mountains (and potentially other Great Basin mountain ranges)
are greatly dependent upon the frequent influx of migrants from neighboring populations.
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Table 4.1 Genetic diversity within populations. The values in the columns correspond to
sample size (N), number o f unique haplotypes (H), number o f private haplotypes (Pri.),
nucleotide diversity (jr) and its 95% confidence interval, and Tajima’s D (bold indicates
significant values). An asterisk marks populations with haplotypes fi'om two clades.

N

H

P r i.

n

jr C .l.

D

P e n n sy lv a n ia

6

5

4

0 .0 0 3 9 0 7

0 .0 0 2 6 1 5

0 .1 8 8

N Y , RI

6

0 .0 0 5 6 5 7

0 .0 0 3 3 8 4

0.323

E aste rn C lad e

9

7

M ic h ig a n

7

7

5

0 .0 0 2 8 3 6

0 .0 0 1 9 2 9

-0 .5 0 3

R e m a in in g inds.

9

8

7

-

-

-

TOTAL

31

24

-

0 .0 0 4 9 0 0

0 .0 0 2 7 1 7

-

M o n te rre y , C A

10

3

3

0 .0 0 1 4 3

0 .0 0 1 0 6 3

1.45

S an B e rn a rd in o , C A

9

4

2

0.000801

0.00071

-0 .93

San D ie g o , C A

10

7

4

0 .0 0 2 0 9 2

0 .0 0 1 4 2 8

-0 .5 0 8

N o rth e rn C A

12

4

3

0 .0 0 1 0 0 4

0 .0 0 0 8 0 6

-0.741

R e m a in in g inds.

9

5

1

-

-

-

TOTAL

52

17

-

0.0021

0 .0 0 1 2

-

E a st C e n tra l, C A *

11

6

3

0 .0 0 6 0 6 7

0 .0 0 1 0 5 8

0 .8 2 2

O re g o n

10

6

3

0 .0 0 1 5 8

0 .0 0 1 1 4 7

-0 .2 7 9

W a sh in g to n

5

5

3

0 .0 0 3 1 7

0 .0 0 2 2 8 2

-0 .1 2 4

B ritish C o lu m b ia

6

4

2

0 .0 0 2 1 7 7

0 .0 0 1 5 9 9

0 .1 9 7

P acific C lad e

E S N C lad e

R e m a in in g inds.

9

6

4

-

-

-

TOTAL

40

19

-

0.0021

0 .0 0 1 3

-

C o c o n in o , A Z

14

8

5

0 .0 0 1 5 6 2

0 .001101

-1.63

M ohave, A Z

7

4

3

0 .0 0 1 6 4 7

0 .0 0 1 2 4 5

0 .2 3 9

L in c o ln , N M

9

5

0

0 .0 0 1 0 6 7

0 .0 0 0 8 6 8

0 .025

V a le n c ia , N M

5

3

0

0 .0 0 1 5 3 7

0 .0 0 1 2 6 7

-1 .93

G u a d a lu p e , N M

10

5

0

0 .0 0 0 9 8 2

0 .0 0 0 8 0 8

-0 .1 2 9

S p rin g M ts, N V *

11

8

2

0.006781

0 .0 0 1 3 1 6

0.83

U tah

7

6

1

0 .0 0 1 7 3 8

0 .0 0 1 2 9 8

-0.561

C o lo ra d o

7

1

0

N /A

N /A

N /A

M o re lo s, M ex ico

12

7

7

0 .0 0 2 4 1 6

0 .0 0 1 5 7 4

-0 .6 3 3

R e m a in in g inds.

14

9

4

-

-

-

TOTAL

93

30

-

0 .0 0 2 1 3

0 .0 0 0 9

R G M C la d e
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Table 4.2 Analysis o f molecular variance (AMOVA). Analyses were performed
separately for populations in each clade.
Clade

Category description

%Var.

Statistic

P

A m ong populations

11.94

4> 3,=0.119

< 0.027

Within populations

88.06

A m ong populations in regions

41.30

0a = 0.413

<0.0001

Within populations

58.70

A m ong populations

14.83

0st = 0.148

<0.0001

Within populations

85.17

A m ong populations

24.87

0st = 0.248

<0.0001

W ithin populations

75.13

Eastern

Pacific

ESN

RGM
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Table 4.3 M div estimates of divergence times between clades.
C lade 1

C lade 2

East/Pacific
Pacific
ESN

RGM/ESN
East
RGM

t

0

5.01
1.68
0.78

14.11
19.49
16.96

1.0 X 1 0 ^
2% /M y
3 400 000
1 600 000
640 000
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2.5 X 10 *
5% /M y
1 400 000
630 000
250 000

Figure Legends
Figure 4.1 Geographic distribution o f the White-breasted Nuthatch. The dotted lines
outline the distributional limits o f the described subspecies o f White-breasted Nuthatch
(AOU 1957), except in Mexico where the distribution is fragmented but only two
subspecies are recognized, S. c. lagunae (Baja California Sur) and S. c. mexicana (all
other Mexican populations). Dots and stars mark sampling localities. A star symbolizes
a population that contained haplotypes from more than one clade (Fig. 2).

Figure 4.2 Maximum likelihood phylogeny. Numbers above and below the branches
correspond to maximum parsimony and maximum likelihood bootstrap percentages,
percentages on the terminal nodes are not shown. The shaded or patterned boxes to the
right o f the supported clades correspond to the polygons on the inset map and show the
geographic distribution o f those clades. A) Eastern Clade, B) Pacific Clade, C) ESN
Clade, D) RGM Clade.

Figure 4.3 Mismatch distributions for populations in each clade: A) Eastern Clade, B)
Pacific Clade, C) ESN Clade, D) RGM Clade. In D, the Morelos, Mexico population is
represented by the dashed line with a mode o f 3.

Figure 4.4 Introgression in the Spring Mountains, NV. The map shows the location o f
the Spring Mountains in southern Nevada. The numbers in the box correspond to the
number o f female migrants per generation exchanged between the Spring Mountains and
its neighboring populations from each clade.
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Figure 4.1
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CHAPTER 5

CONCLUSIONS
The primary goal o f comparative phylogeography is to identify common patterns
o f evolutionary and biogeographie history in co-distributed species (Zink 2002).
Chapters 2 through 4 discussed in detail the individual evolutionary and biogeographie
histories o f three species (Sitta pygmaea, Poecile gambeli, and S. carolinensis,
respectively) o f pine-oak birds. Each o f these studies provided valuable insight into
species specific responses to historical changes in habitat distribution and environmental
perturbations. However, when taken separately, they do little to increase our knowledge
concerning the stability of North American pine-oak community structure through time
and space. In Chapter 1 ,1 proposed three historical biogeographie hypotheses to explain
the evolution o f contemporary species ranges in pine-oak woodland. (1) The species
evolved in situ in the regional pine-oak communities and the isolation o f populations in
these regions is captured in cryptic genetic variation (deep phylogenetic structure and
reciprocal monophyly of regional populations). (2) Migration (high historical rates o f
gene flow) o f individuals between regions has been frequent enough to maintain the
widespread distributions and prevent regional divergence. (3) The species have recently
expanded to occupy their current distributions. In this chapter, I compare and discuss the
shared patterns o f genetic structuring across the three focal species in the context o f these
three historical hypotheses.
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North American pine-oak forests exhibit a great degree o f biogeographie structure
between regions (Eastern North America, Rocky Mountain/Great Basin, Californian,
Sierra Nevada/Cascades, and Mexican/Central American [Madrean]; Remington 1968;
Little 1971, 1976, 1977; Graham 1999) suggesting these regional forests have existed in
isolation for long periods o f time. The origination o f these distinct regional pine-oak
communities has been attributed to the fragmentation o f the once eontinentally
distributed Tertiary forests in response to late Miocene and Pliocene (14 - 2.5 Mya)
mountain building in western North America (Graham 1999) and the contraction o f pineoak habitats into réfugia during Quaternary glacial advances (Betancourt et al. 1990;
Graham 1999). If pine-oak birds evolved in situ in these regional forests (i.e, Hypothesis
1) and have experienced the long-term isolation and independent evolution o f regional
populations, then the regional populations should contain reciprocally monophyletie
lineages. Reciprocal monophylly o f regional populations is found in two {P. gambeli and
S. carolinensis) o f the three focal species. Poecile gambeli is split into two clades. These
two clades are split geographically across the western Great Basin suggesting that Sierra
Nevada/Cascade populations and Rocky Mountain/Great Basin populations o f P. gambeli
are evolving. Sitta carolinensis exhibits more phylogeographic structure than P. gambeli
(because o f its more widespread distribution), but there is a similar phylogenetic break
between Sierra Nevada/Cascade populations and Rocky Mountain/Great Basin
populations o f S. carolinensis. The presence o f concordant phylogeographic splits
between these eo-distributed taxa across the Great Basin support the in situ evolution o f
pine-oak birds in the regional forests (Hypothesis 1).
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Although, these divergences may be spatially concordant, they may also be
temporally discordant. Molecular dating o f the divergences o f Sierra Nevada/Cascade
populations from Rocky Mountain/Great Basin populations o f P. gambeli and S.
carolinensis suggests that these two events occurred approximately 1.5 and 0.5 MYA
(million years ago) respectively. The discordance in the timing o f these divergences
suggests they may not be the consequence o f a single historical event. Both of these
divergences fall within the Pleistocene epoch and because climate change throughout this
epoch was cyclical, fragmentation o f regional populations in glacial réfugia would have
occurred episodically throughout the epoch during periods o f glacial maxima. Thus, the
differences in divergence time between clades in these eo-distributed taxa could be due to
the fact that they were originally isolated in réfugia during different glacial maxima. On
the other hand, the possibility that the differences in divergence time are simply due to
coalescent stochasticity (Edwards & Beerli 2000) or poor estimates o f the rate of
molecular evolution for the mtDNA genes used in these studies (for review see Lovette
2004) cannot be excluded. The study o f additional co-distributed birds using multiple
unlinked genetic loci (Jennings & Edwards 2005) can help determine if there is a
consistent pattern o f regional isolation in pine-oak birds, and whether the isolating event
is the same for a majority o f the species in the community.
There is little evidence from the studies o f S. pygmaea, P. gambeli, S.
carolinensis to support migration (Hypothesis 2) as an important evolutionary force in
structuring the contemporary distributions o f pine-oak birds. The deep phylogenetic
structure found in P. gambeli and S. carolinensis precludes the possibility o f extensive
historical gene flow between the regional populations o f these two species. Within clades
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in all three species, gene trees are shallow and genetic diversity is generally low, which
are two patterns inconsistent with persistent and frequent historical gene flow among
widely distributed species (Avise 2000).
Shallow gene trees and low within elade genetic diversity is found in each focal
species. These genetic patterns are congruent with recent and rapid range expansion
(Hypothesis 3). Population genealogies with evolutionary patterns consistent with rapid
population growth and expansion are the norm for temperate taxa (Zink 1997; M ila et al.
2000, Lessa et al. 2003; Avise 2004; Zink et al. 2004; Peters et al. 2005). Range
expansions in temperate taxa are hypothesized to be a direct consequence o f Quaternary
climate change (Hewitt 1996; Mila et al. 2003; Lessa et al. 2003). During the glacial
advances o f the Quaternary, temperate species ranges retreated southward tracking
displaced habitats. Expansion from these southern réfugia under a leading edge model
has produced a consistent pattern o f decreasing genetic diversity with increasing latitude
in a diverse array o f temperate taxa (Hewitt 1996; Mila et al. 2003; Lessa et al. 2003).
Although, pine-oak birds do exhibit genealogical patterns consistent with rapid range
expansion, the distribution o f genetic diversity in these birds often does not follow a
pattern consistent expansion from southern réfugia, as observed in other taxa. Instead,
genetic diversity is low throughout the distribution o f pine-oak birds, which makes
inferring the direction o f range expansion difficult.
The phylogeographic studies o f S. pygmaea, P. gambeli, and S. carolinensis have
provided great insight into the evolution o f the pine-oak avifauna. Overall, the genetic
structure o f pine-oak birds has been shaped by two biogeographie events: the in situ
evolution o f populations in the isolated regional forests (Hypothesis 1) and post-glacial
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population expansion (Hypothesis 3). However, these studies only represent a tiny
portion o f the diversity o f birds that oeeupy pine and oak forests in North America.
Future study o f additional eo-distributed species will help determine if the genetic
patterns observed in this study are broadly applicable across all pine-oak distributed
birds.
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APPENDIX L Specimen data Chapter 3.
Genus

Species

M useum U

Tissue #

H

State

Poecile

gambeli

MBM 9577

DHB3952

35

AZ

Poecile

gambeli

M BM 9578

DHB3953

36

AZ

Poecile

gambeli

M BM 9579

DHB3948

34

AZ

Poecile

gambeli

M BM 9580

D C087

33

AZ

Poecile

gambeli

M BM 958!

D C 083

33

AZ

Poecile

gambeli

M BM 9582

D C 067

33

AZ

Poecile

gambeli

MBM9701

dco 115

33

AZ

Poecile

gambeli

M BM 9702

d co l0 7

37

AZ

Poecile

gambeli

M BM 9780

gav2192

33

AZ

Poecile

gambeli

0111292

32

AZ

Specific Locality
San Francisco Peaks,
F lagstaff 10 mi N N E
San Francisco Peaks,
F lagstaff 10 m i NNE
San Francisco Peaks,
F lagstaff 10 m i N N E
San Francisco Peaks,
F lagstaff 10 m i NNE
San Francisco Peaks,
F lagstaff 10 mi NNE
San Francisco Peaks,
F lagstaff 10 m i NNW
San Francisco Peaks,
F lagstaff 10 mi NNE
San Francisco Peaks,
F lagstaff 10 mi N N E
San Francisco Peaks,
F lagstaff 10 mi N N E

Lat L one

35.21.5’N /111.38'W
36°36.9'N /112°14.7'W

35.21.57^/111.38’W
35.21.5'N /11L 38’W
35.21.57^/111.38'W
35.2L 5'N /111.38'W
35.21.574/111.38'W
35.19'N /11I.45’W
35.21.5'N /111.38’W
35.21.5’N/111.38'W

Poecile

gambeli

Bell

BRB615

38

AZ

N orth Rim o f G rand Canyon

Poecile

gambeli

Bell

BRB616

38

AZ

North Rim o f G rand Canyon

36°37.1'N /112°15.9’W

Poecile

gambeli

Bell

BRB617

33

AZ

North Rim o f G rand Canyon

36°38.1'N /112°18.6'W

Poecile

gambeli

Bell

BRB618

33

AZ

North Rim o f G rand Canyon

36°38.I'N /112°19.2'W

Poecile

gambeli

Bell

BRB620

38

AZ

North Rim o f G rand Canyon

36-35.874/112°14.2’W

Poecile

gambeli

Bell

BRB621

33

AZ

North Rim o f G rand Canyon

36-35.574/112“14'W

Poecile

gambeli

Bell

BRB622

39

AZ

N orth Rim o f G rand Canyon

36-3674/112-13.3'W

Poecile

gambeli

Bell

BRB623

38

AZ

N orth Rim o f G rand Canyon

36-35.574/112-13.4'W

Poecile

gambeli

Bell

BRB624

38

AZ

N orth Rim o f G rand Canyon

3 6 -2 7 .1 7 4 /1 1 2 -0 4 .0 ^

Poecile

gambeli

Bell

BRB626

38

AZ

N orth Rim o f G rand Canyon

36-44.974/112°16.5'W

Poecile

gambeli

M B M 13645

gm s654

67

BC

Merritt 7 km NW

50°09'N/120°45'W

Poecile

gambeli

M B M 13647

gm s833

33

BC

M erritt 7 km N W

50-0974/120°45'W

Poecile

gambeli

MBM 13648

gm s655

33

BC

Merritt 7 km N W

50-0974/120-45'W

Poecile

gambeli

M BM 13649

gnis834

42

BC

Merritt 7 km NW

50-09'N /120-45'W

Poecile

gambeli

M BM 13650

gm s835

33

BC

Merritt 7 km NW

50°09’N /120°45’W

Poecile

gambeli

M B M I3190

jmdO 13

42

BC

M erritt 7km NW

50-0974/120-45'W

Poecile

gambeli

M BM 13533

jsb009

33

BC

M erritt 7km N W

50-09'N /l 20-45'W

Poecile

gambeli

M BM 13644

gm s658

42

BC

Sum m erland 5 km WNW.

49-3574/119°40'W

Poecile

gambeli

M BM 13646

gm s657

42

BC

49-3574/119-40'W

Poecile

gambeli

M BM 13735

gnis661

33

BC

Sum m erland 5 km WNW.
Prince George 26 km SSE,
Stone Creek.
Prince George 26km SSE,
Stone Creek

Poecile

gambeli

M BM 13189

jm d014

68

BC

Poecile

gambeli

MBM13541

jk03-475

33

BC

Poecile

gambeli

MBM 13654

gm s660

33

BC

Poecile

gambeli

M B M 13I72

jm d015

33

BC

Poecile

gambeli

M BM 13535

jk03-615

43

BC

Poecile

gambeli

M BM 13536

jk03-477

33

BC

Poecile

gambeli

MBM 13537

jk03-476

33

BC

Poecile

gambeli

M B M I3538

jk03-614

42

BC

Poecile

gambeli

M BM 13539

jk03-612

69

BC

Poecile

gambeli

MBM 13 540

jk03-613

42

BC

Qiiesnel 35 km W
W illiams Lake 20 km NNW ,
on Fraser River.
W illiams Lake 20km NNW,
Fraser River
W illiams Lake 20km NNW ,
Fraser River
W illiams Lake 20km NNW,
Fraser River
W illiams Lake 20km NNW,
Fraser River
W illiams Lake 20km NNW ,
Fraser River
W illiams Lake 20km NNW ,
Fraser River
W illiams Lake 20km NNW,
Fraser River

54-0774, 122-30'W
54-07'N /122°30'W
53-01'N /123-03'W
52-1574/122-23'W
52-1574/122°23'W
52-15'N /122°23'W
52-1574/122-23’W
52-1574/122-23'W
52-1574/122-23'W
52-15'N /122-23'W
52-15'N /122-23’W
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Poecile

gambeli

MVZ 167887

11

CA

1.5 mi N 0.25 mi W Black
Butte
1.5 mi N 0.25 mi W Black
Butte
1.5 mi N 0.25 mi W Black
Butte

Poecile

gambeli

MVZ 167888

11

CA

0.25 m i N Black Butte

Poecile

gambeli

MVZ 167889

11

CA

0.25 mi N Black Butte

39-46.474/122-51'W

Poecile

gambeli

MVZ 167890

11

CA

0.25 mi N Black Butte

39°46.4'N/122°51'W

Poecile

gambeli

MVZ 167885

11

CA

Poecile

gambeli

MVZ 167886

11

CA

39°44.8'N/122°52.9'W
39°44.8’N /122°52.9’W
39“44.8'N/122°52.9'W
39°46.4'N/122°51'W

Poecile

gambeli

MVZ 175803

11

CA

0.25 mi N Black Butte

39-46.4'N /122“51'W

Poecile

gambeli

MVZ 175804

11

CA

0.25 mi N Black Butte

39-46.4'N /122°51'W

Poecile

gambeli

MVZ 175805

11

CA

0.25 mi N Black Butte

39-46.474/122°51'W

Poecile

gambeli

MVZ 175806

11

CA

39-46.4'N /122°51’W

Poecile

gambeli

MVZ 168188

11

CA

Poecile

gambeli

MVZ 168189

11

CA

Poecile

gambeli

MVZ 168190

11

CA

Poecile

gambeli

MVZ 168191

21

CA

Poecile

gambeli

MVZ 168192

11

CA

Poecile

gambeli

MVZ 168193

3

CA

Poecile

gambeli

MVZ 168194

11

CA

Poecile

gambeli

MVZ 168195

11

CA

Poecile

gambeli

MVZ 168196

3

CA

Poecile

gambeli

MVZ 168197

3

CA

0.25 mi N Black Butte
1.5 mi N 0.25 mi W Burnt
Peak
1.5 m i N 0.25 m i W Burnt
Peak
1.5 m i N 0.25 m i W Burnt
Peak
1.5 mi N 0.25 mi W Burnt
Peak
1.5 m i N 0.25 mi W Bumt
Peak
1.5 mi N 0.25 mi W Bum t
Peak
1.5 m i N 0.25 mi W Bum t
Peak
1.5 mi N 0.25 mi W Bum t
Peak
1.5 mi N 0.25 mi W Bumt
Peak
1.5 mi N 0.25 mi W Bum t
Peak

34°42.2'N /118-34.8’W

Poecile

gambeli

MVZ 167876

CA

0.25 mi E Anthony Peak

39°50.8'N/122°57.5'W

Poecile

gambeli

MVZ 167877

11

CA

0.25 mi E Anthony Peak

39°50.8'N/122°57.5’W

Poecile

gambeli

MVZ 167878

11

CA

0.25 mi E Anthony Peak

39“50.8’N /122°57.5'W

Poecile

gambeli

MVZ 167879

11

CA

0.25 mi E Anthony Peak

39-50.8'N /122“57.5'W

Poecile

gambeli

MVZ 167880

11

CA

0.25 mi E Anthony Peak

39°50.8’N/122°57.5'W

Poecile

gambeli

MVZ 167881

11

CA

0.25 mi E Anthony Peak

39°50.8'N/122°57.5'W

Poecile

gambeli

MVZ 167882

CA

0.25 mi E A nthony Peak

39-50.8'N /122-57.5'W

Poecile

gambeli

MVZ 167883

11

CA

0.25 mi E A nthony Peak

39°50.8'N/122°57.5'W

Poecile

gambeli

MVZ 167884

11

CA

39-50.8'N /122°57.5’W

Poecile

gambeli

M BM 12162

dhb5012

31

CA

Poecile

gambeli

M BM 12167

dhb5041

30

CA

Poecile

gambeli

M BM 12180

gm s366

41

CA

0.25 mi E A nthony Peak
Inyo National Forest, Dead
M an’s Rd
Inyo N ational Forest, Mono
Mills
Inyo National Forest,
Lookout M ountain Rd

Poecile

gambeli

MVZ 168233

3

CA

1.25 m i S 0.5 m i E Black Mt.

33-49.4'N /116-45.4’W

Poecile

gambeli

MVZ 168234

3

CA

1.25 m i S 0.5 mi E Black Mt.

3 3 -4 9 .4'N/116°45.4'W

Poecile

gambeli

MVZ 168235

3

CA

1.25 mi S 0.5 mi E Black Mt.

33-49.4'N /l 16-45.4’W

Poecile

gambeli

MVZ 168236

3

CA

1.25 mi S 0.5 m i E Black Mt.

33-49.4'N /l 16-45.4'W

Poecile

gambeli

MVZ 168237

3

CA

33-49.4'N /l 16-45.4'W

Poecile

gambeli

M BM 11684

g m s3 11

1

CA

Poecile

gambeli

MBM 12237

dhb5077

8

CA

Poecile

gambeli

MBM 12238

dhb5078

8

CA

Poecile

gambeli

MBM 12237

dhb5083

8

CA

Poecile

gambeli

M BM 12238

dhb5082

9

CA

1.25 mi S 0.5 mi E Black Mt.
San Jacinto M ts., Black
M ountain Rd.
San Jacinto M ts., Black
M ountain Rd
San Jacinto M ts., Black
M ountain Rd
San Jacinto M ts., Black
M ountain Rd
San Jacinto M ts., Black
M ountain Rd

34-42.2'N /118-34.8'W
34°42.2'N/118°34.8'W
34°42.2'N/118°34.8'W
34-42.2'N /118°34.8'W
34°42.2'N/118°34.8'W
34-42.2’N /l 18°34.8'W
34°42.2'N/118°34.8'W
34-42.2’N /l 18°34.8'W
34-42.2'N /118°34.8'W

37-43.7'N /119-00.1'W
37°52.1'N /118°59.I'W
37“42.7'N /118°56.8'W

33-50.6'N /116°44.1'W
33-50.6'N /116°44.1'W
33-50.6'N /l 16-44.1'W
33-50.6'N /116-44.1'W
33-50.6'N /l 16-44.1'W
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Poecile

gambeli

M BM 12239

dhb5084

10

CA

Poecile

gambeli

M BM 14446

gm sl258

3

CA

Poecile

gambeli

M BM 14447

g m sl256

3

CA

Poecile

gambeli

MBM 14448

gm sl255

3

CA

Poecile

gambeli

M B M I4449

gm sl253

4

CA

Poecile

gambeli

M BM 14450

gm sl254

4

CA

Poecile

gambeli

M BM 14451

g m sl257

3

CA

Poecile

gambeli

M BM 14452

m m l 15

4

CA

Poecile

gambeli

MBM 14453

m m ll4

3

CA

Poecile

gambeli

M BM 14454

m m l 13

2

CA

Poecile

gambeli

MBM 14459

m m l 16

4

CA

Poecile

gambeli

M B M 15I67

gm sl315

3

CA

Poecile

gambeli

M BM 15168

g m sl317

3

CA

Poecile

gambeli

M BM 14429

jk04-524

1

CA

Poecile

gambeli

M BM 14472

gm sl273

5

CA

Poecile

gambeli

M BM 14473

mm 123

5

CA

Poecile

gambeli

M B M 13I73

gms605

5

CA

Poecile

gambeli

M BM 13174

gm s606

5

CA

Poecile

gambeli

M BM 13175

gm s612

3

CA

Poecile

gambeli

M BM 13176

gm s613

7

CA

Poecile

gambeli

M B M I3177

gm s610

3

CA

Poecile

gambeli

M BM 13178

g m s6 1 1

6

CA

Poecile

gambeli

M BM 13179

gm s608

3

CA

Poecile

gambeli

M BM 13180

gm s609

5

CA

Poecile

gambeli

M BM13181

dlib5440

3

CA

Poecile

gambeli

M B M I3182

dhb5439

5

CA

Poecile

gambeli

M B M 13I83

gm s607

5

CA

Poecile

gambeli

M BM 13184

dhb5438

5

CA

Poecile
Poecile
Poecile
Poecile
Poecile
Poecile
Poecile

gambeli
gambeli
gambeli
gambeli
gambeli
gambeli
gambeli

MVZ 167850
M VZ 167851
M VZ 167852
MVZ 167853
M VZ 167854
MVZ 167855
MVZ 167856

23
11
24
11
11
11
11

CA
CA
CA
CA
CA
CA
CA

San Jacinto M ts., Black
M ountain Rd
Big B ear Lake 9.5 mi ESE,
Round Valley Road
Big B ear Lake 9.5 mi ESE,
Round Valley Road
Big Bear Lake 9.5 m i ESE,
Round Valley Road
Big Bear Lake 9.5 mi ESE,
Round Valley Road
Big B ear Lake 9.5 mi ESE,
Round Valley Road
Big B ear Lake 9.5 mi ESE,
R ound Valley Road
Big B ear Lake 9.5 mi ESE,
Round Valley Road
Big Bear Lake 9.5 mi ESE,
R ound Valley Road
Big B ear Lake 9.5 mi ESE,
Round Valley Road

33-50.6'N /l 16-44.1'W
34-13 .29'N /l 16-43.85'
W
34-13.29'N /l 16-43.85'
W
34-13.29'N /116-43.85'
W
34°13.29'N /116“43.85'
W
34-13.29'N /116-43.85'
W
34-13.29'N /l 16-43.85'
W
34-13.29'N /l 16-43.85'
W
34-13.29'N /l 16-43.85'
W
34-13.29'N /l 16-43.85'
W
34-12.42'N /l 16-43.81'
W
3 4-13.29'N /l 16-43.85'
W
34-13.29'N /l 16-43.85'
W
34-12.32'N /l 16-45.91'
W
3 2-50.39'N /l 16-25.79'
W
32-50.39'N /l 16-25.79'
W

Big Bear Lake 8 mi ESE
Big B ear Lake 9.5 mi ESE,
Round Valley Rd.
Big B ear Lake 9.5 mi ESE,
Round Valley Rd.
M eadows Road
Julian 16 mi SSE, Laguna
Mnts.
Julian 16 mi SSE, Laguna
Mnts.
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, Cleveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, Cleveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
14mi SSE Julian, M ount
Laguna, C leveland NF
N slope W haleback, 9 mi N
mi E Mt. Shasta
N slope W haleback, 9 mi N
mi E Mt. Shasta
N slope W haleback, 9 mi N
mi E Mt. Shasta
N slope W haleback, 9 mi N
mi E Mt. Shasta
N slope W haleback, 9 mi N
mi E Mt. Shasta
N slope W haleback, 9 mi N
m i E Mt. Shasta
N slope W haleback, 9 mi N
mi E Mt. Shasta

3 2 -5 1.2'N /l 16-26.1'W
32-51.2'N /116-26.1'W
32-51.2'N /116°26.1'W
3 2 -5 1.2'N /l 16-26.1'W
32-51.2'N /116-26.1'W
3 2 -5 1.2'N /l 16-26.1'W
32-51.2'N /116-26.1'W
32-51.2'N /116-26.1'W
32-51.2'N /116-26.1'W
3 2 -5 1.2'N /l 16-26.1'W
3 2 -5 1.2'N /l 16-26.1'W
32-51.2'N /116°26.1'W
5
41-31.9'N /122°05.4'W
5
41-31.9'N /122°05.4'W
5
41°31.9'N /122°05.4'W
5
41-31.9'N /122-05.4'W
5
41-31.9'N /122-05.4'W
5
41-31.9'N /122-05.4'W
5
41°3L 9'N /122-05.4'W
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Poecile

gambeli

MVZ 175802

26

CA

N slope W haleback, 9 mi N 5
mi E Mt. Shasta
N slope W haleback, 9 m i N 5
mi E Mt. Shasta
W slope W haleback, 8.5 mi N
2 mi E Mt. Shasta
Shasta N ational Forest,
Pilgrim Creek Rd
Shasta National Forest,
Pilgrim Creek Rd
Shasta National Forest,
Pilgrim Creek Rd
Shasta National Forest,
Pilgrim Creek Rd
K lam ath National Forest, o ff
U.S.97
8 mi N 6 mi W North Yolla
Bolly Mt.
8 mi N 6 mi W N orth Yolla
Bolly Mt.
8 mi N 6 mi W North Yolla
Bolly Mt.
N orth Yolla Bolly Mt. 8 m i N
and 6 mi W
8 mi N 6 mi W North Yolla
Bolly Mt.
9 m i N 6 mi W North Yolla
Bolly Mt.
10 m i N 6 mi W N orth Yolla
Bolly Mt.
11 mi N 6 mi W North Yolla
Bolly Mt.
12 mi N 6 mi W North Yolla
Bolly Mt.
13 mi N 6 mi W North Yolla
Bolly Mt.

Poecile

gambeli

MVZ 168174

11

CA

0.5 mi N 1 mi W Frazier Mt.

34-47.2'N /118-59.9'W

Poecile

gambeli

MVZ 168175

27

CA

0.5 mi N 1 mi W Frazier Mt.

34-47.2'N /l 18-59.9'W

Poecile

gambeli

MVZ 168176

28

CA

0.5 mi N 1 mi W Frazier Mt.

34°47.2'N/118°59.9'W

Poecile

gambeli

MVZ 168177

28

CA

0.5 mi N 1 mi W Frazier Mt.

34-47.2'N /l 18-59.9'W

Poecile

gambeli

MVZ 167857

11

CA

Poecile

gambeli

MVZ 167858

11

CA

Poecile

gambeli

MVZ 167859

11

CA

Poecile

gambeli

M BM 12158

dhb5004

11

CA

Poecile

gambeli

M B M 12I59

dhb5003

18

CA

Poecile

gambeli

M B M 12I60

dhb5001

17

CA

Poecile

gambeli

MBM12161

dhb5002

17

CA

Poecile

gambeli

MBM 12163

dhb4996

16

CA

Poecile

gambeli

MVZ 167873

25

CA

Poecile

gambeli

MVZ 167874

26

CA

Poecile

gambeli

MVZ 167875

26

CA

Poecile

gambeli

MVZ 175794

26

CA

Poecile

gambeli

MVZ 175795

26

CA

Poecile

gambeli

MVZ 175796

26

CA

Poecile

gambeli

MVZ 175797

26

CA

Poecile

gambeli

MVZ 175798

26

CA

Poecile

gambeli

MVZ 175799

26

CA

41°31.9'N/122°05.4'W
41°31.9'N/122‘’05.4'W
4|-31.9'N /122 -0 5 .4 'W
41-18.9'N /121°59.7'W
4 ri8 .9 'N /1 2 1 ° 5 9 .7 'W
41°18.9'N /121“59.7'W
4 ri8.9'N /121-5 9 .7 'W
41°18.9'N/121°59.7'W
40“ 18.4'N/123°05.2'W
40°18.4'N/123°05.2'W
40-18.4'N /123-05.2'W
40-l8.4'N /123°05.2'W
40“ 18.4'N/123°05.2'W
40°18.4'N /123“05.2'W
40°18.4'N /123“05.2'W
4 0 -|8.4'N /123 -0 5 .2 'W
40°18.4'N /123°05.2'W
40°18.4'N/123°05.2'W

Poecile

gambeli

MVZ 168178

28

CA

0.5 mi N 1 mi W Frazier Mt.

34-47.2'N /l 18-59.9'W

Poecile

gambeli

MVZ 168179

28

CA

0.5 mi N 1 mi W Frazier Mt.

34°47.2'N/118°59.9'W

Poecile

gambeli

MVZ 168180

29

CA

34-47.2'N /118-59.9'W

Poecile

gambeli

MVZ 168181

28

CA

Poecile

gambeli

MVZ 168182

28

CA

Poecile

gambeli

MVZ 168183

28

CA

Poecile

gambeli

MBM 16243

jk05-191

33

CO

Poecile

gambeli

MBM 16248

jk05-192

33

CO

Poecile

gambeli

MBM 12269

dhb5115

33

CO

Poecile

gambeli

MBM 12270

dhb5114

61

CO

Poecile

gambeli

M BM 12168

dhb5047

59

CO

M B M 12I69

Poecile

gambeli

dhb5046

33

CO

0.5 mi N 1 mi W Frazier Mt.
Frazier Mt. 0.5 mi N and 1 mi
W
Frazier Mt. 0.5 mi N and 1 mi
W
1.5 mi N 1.5 mi W Frazier
Mt.
D urango 20 mi W, Cherry
Creek Road
D urango 20 m i NNE,
M issionary Ridge
San Isabel National Forest,
Forest Rd.386
San Isabel National Forest,
Forest Rd.386
Routt National Forest, Forest
Rd.241
Routt National Forest, Forest
Rd.241

Poecile

gambeli

dhb2255

33

CO

Canon City, 12mi N W

38-25'N 105-11'W

Poecile

gambeli

dhb2299

33

CO

Canon City, 12mi NW

38-25'N 105-1 r w

34°47.2'N /118“59.9'W
3 4 -4 7 .2 'N /ll8 -5 9 .9 'W
34-47.2'N /l 18-59.9'W
37°19.1'N/108°07.5'W
37°25.7'N /107“45.1'W
38°07.4'N/105°07.5'W
38-07.4'N /105°07.5'W
40°05.1'N/106°36.5'W
40-05.1'N /106-36.5'W

Poecile

gambeli

dhb2300

33

CO

Canon City, 12m iN W

38-25'N 105-11'W

Poecile

gambeli

dhb3623

33

CO

Canon City, 12mi NW

38-25'N 105-11'W

Poecile

gambeli

gm s842

60

ID

C our d'Alene 25 mi NNW

47-59'N /116-58'W

MBM 13744
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Poecile

gambeli

M BM 13 745

gm s839

33

ID

Cour d'A lene 25 mi NNW

47-59'N /116-5 8'W

Poecile

gambeli

M BM 13746

gms843

33

ID

C our d'Alene 25 mi NNW

4 7 -5 9 'N /II6 “58'W

Poecile

gambeli

M BM 13747

gms841

33

ID

Cour d'Alene 25 mi NNW

47 °59'N /II6°5 8 'W

Poecile

gambeli

M BM 13748

gm s840

33

ID

C our d'A lene 25 mi NNW

47-59'N /I I6 “58'W
4 7 -5 9 'N /II6 -5 8 'W

Poecile

gambeli

M BM 13651

gm s837

61

ID

Cour d'Alene 25 mi NNW

Poecile

gambeli

MBM 13652

gm s836

42

ID

Cour d'Alene 25 mi NNW

47-59'N /l I6°58'W

Poecile

gambeli

M BM 13653

gm s838

42

ID

Cour d'Alene 25 mi NNW

47-59'N /I I6-58'W

Poecile

gambeli

MBM13191

jm d018

42

ID

C our d'A lene 25m i NNW

4 7 -5 9 'N /II6 -5 8 'W

Poecile

gambeli

M BM 13192

jm d019

68

ID

Cour d'Alene 25m i NNW

4 7-59'N /l 16-58'W

Poecile

gambeli

M BM 13530

jm d022

42

ID

47°59'N /II6°5 8 'W

Poecile

gambeli

M B M I2170

dhb5059

33

ID

Poecile

gambeli

M B M I2171

dhb5058

60

ID

4 5 °0 2 .I'N /1 14-03.1'W
46-41.4 'N /II4 -2 5 'W

Poecile

gambeli

M BM 12271

jk03-00l

33

ID

Cour d'Alene 25m i NNW
Salmon National Forest,
Forest Rd. 28
Salm on National Forest,
Forest Rd. 28
Salm on N ational Forest,
Forest Rd. 77

Poecile

gambeli

Bell

BRB627

42

MT

Lolo Ntl Forest

Poecile

gambeli

Bell

BRB628

40

MT

Lolo Ntl Forest

46°41.4'N /I14°25'W

Poecile

gambeli

Bell

BRB629

41

MT

Lolo Ntl Forest

4 6 -4 2.2'N /II4 -1 9 .7 'W

Poecile

gambeli

Bell

BRB630

42

MT

Lolo Ntl Forest

4 6 - 4 1.7'N/l 14-24.1'W

Poecile

gambeli

Bell

BRB631

33

MT

Lolo Ntl Forest

4 6 -4 1 .7 'N /ll4 -2 4 .l'W

Poecile

gambeli

Bell

BRB632

33

MT

Lolo Ntl Forest

46-47.914/114-3 l . y w

Poecile

gambeli

Bell

BRB633

40

MT

Lolo Ntl Forest

46-47.9'N /I14°31.9'W

Poecile

gambeli

Bell

jk94-102

40

MT

Lolo Ntl Forest

Poecile

gambeli

Bell

jk94-103

33

MT

Lolo Ntl Forest

Poecile

gambeli

Bell

jk 9 4 -l0 4

33

MT

Lolo Ntl Forest

Poecile

gambeli

Bell

jk96-018

43

MT

Poecile

gambeli

LVT589

11

NV

Poecile

gambeli

LVT590

19

NV

Poecile

gambeli

LVT591

20

NV

Poecile

gambeli

LVT592

20

NV

Poecile

gambeli

LVT593

11

NV

Poecile

gambeli

LVT594

11

NV

Poecile

gambeli

LVT595

11

NV

Poecile

gambeli

LVT596

11

NV

Poecile

gambeli

LVT597

11

NV

Poecile

gambeli

LVT598

11

NV

Poecile

gambeli

M BM 8533

G A V I9 I9

44

NV

Poecile

gambeli

M BM 8534

G A V I922

45

NV

Poecile

gambeli

M BM 9903

gav2223

46

NV

Poecile

gambeli

M BM 9904

gav2233

47

NV

Poecile

gambeli

M BM 9920

gav2230

48

NV

Poecile

gambeli

M BM 9963

gav2236

33

NV

Poecile

gambeli

M BM 9964

gav2249

50

NV

Poecile

gambeli

M BM 9987

gav2250

SO

NV

Lolo Ntl Forest
Carson Range, Tahoe Rim
Trail
Carson Range, Tahoe Rim
Trail
Carson Range, Tahoe Rim
Trail
C arson Range, Tahoe Rim
Trail
C arson Range, Tahoe Rim
Trail
C arson Range, Tahoe Rim
Trail
Carson Range, T ahoe Rim
Trail
Carson Range, T ahoe Rim
Trail
Carson Range, Tahoe Rim
Trail
Carson Range, T ahoe Rim
Trail
N V Test Site, A rea 19, Pahute
Msa
N V Test Site, A rea 19, Pahute
Msa
N V Test Site A rea 19, Pahute
Mesa
NV Test Site A rea 19, Pahute
M esa
NV Test Site A rea 12, Rainier
M esa
NV Test Site A rea 19, Pahute
M esa
NV Test Site A rea 19, Pahute
Mesa
N V Test Site A rea 12, Rainier
Mesa

4 5 -0 2 .1'N /114-03.1'W
45-02.1'N /l 14-03.1'W

39“23.5'N /I19°57.2'W
3 9-23.5'N /II9-5 7 .2 'W
39-23.5'N /119-57.2'W
39-23.514/119-57.2'W
3 9 -2 3 .5 'N /lI9 -5 7 .2 'W
39-23.514/119°57.2'W
39-23.514/119-57.2'W
39-23.5'N /II9°5 7 .2 'W
39 -2 3.5'N /II9-5 7 .2 'W
39-23.514/119-57.2'W
37-1514/116-20'W
37-1514/116-20'W
37.15H /116.20'W
3 7.I5'N /1I6.20 'W
3 7.12'N /I16.I3 'W
3 7 .15'N/116.20'W
37.1514/116.20'W
37.12'N /II6.13 'W
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Poecile

gambeli

Poecile

gav2244

49

NV

gambeli

d hb245l

33

NV

Poecile

gambeli

LVT529

70

NV

Poecile

gambeli

LVT530

70

NV

Poecile

gambeli

LVT531

48

NV

Poecile

gambeli

LVT532

48

NV

Poecile

gambeli

LVT533

48

NV

Poecile

gambeli

LVT534

71

NV

Poecile

gambeli

LVT535

72

NV

Poecile

gambeli

LVT536

73

NV

Poecile

gambeli

LVT537

48

NV

Poecile

gambeli

LVT538

70

NV

Poecile

gambeli

LVT539

32

NV

Poecile

gambeli

LVT540

74

NV

Poecile

gambeli

LVT541

75

NV

Poecile

gambeli

LVT542

76

NV

Poecile

gambeli

I.VT543

77

NV

Poecile

gambeli

LVT544

33

NV

Poecile

gambeli

LVT545

76

NV

Poecile

gambeli

LVT546

48

NV

Poecile

gambeli

LVT547

75

NV

Poecile

gambeli

LVT548

48

NV

Poecile

gambeli

LVT549

32

NV

Poecile

gambeli

LVT550

32

NV

Poecile

gambeli

LVT551

78

NV

Poecile

gambeli

LVT552

79

NV

Poecile

gambeli

LVT553

78

NV

Poecile

gambeli

LVT554

78

NV

Poecile

gambeli

LVT555

78

NV

Poecile

gambeli

LVT556

78

NV

Poecile

gambeli

LVT557

80

NV

Poecile

gambeli

L VT558

81

NV

Poecile

gambeli

L VT559

82

NV

Poecile

gambeli

LVT560

70

NV

Poecile

gambeli

LVT561

74

NV

MBM9991

NV Test Site A rea 12, Rainier
Mesa
NV Test Site A rea 12, Rainier
Mesa
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring M ts., Lee Canyon,
Bristlecone Pine Trail
Spring M ts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Spring Mts., Lee Canyon,
Bristlecone Pine Trail
Toiyabe Mts., Birch Creek,
3mi W Highway 376
Toiyabe Mts., Birch Creek,
3mi W Highway 377
Toiyabe Mts., Birch Creek,
3nii W Highway 378
Toiyabe Mts., Birch Creek,
3mi W Highway 379
Toiyabe Mts., Birch Creek,
3m i W Highway 380
Toiyabe Mts., Birch Creek,
3mi W Highway 381
Toiyabe Mts., Birch Creek,
3m i W Highway 382
Toiyabe Mts., Birch Creek,
3m i W Highway 383
Toiyabe Mts., Birch Creek,
3m i W Highway 384
Toiyabe Mts., Birch Creek,
3m i W Highway 385
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., G reat Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin Natl.
Park
Snake Mts., Great Basin N atl.
Park
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek

37.1214/116.13'W
37.12'N /116.13'W
36-16.1'N /115°35.6'W
36-16.114/115-35.6'W
36°16.1'N /115°35.6'W
36°16.1’N /115“35.6'W
36-16. l'N /115-35.6'W
36-16.1'N /115°35.6'W
36°16.1'N /115°35.6'W
36°16.1'N /115“35.6'W
36-16.114/115-35.6'W
36°16.1'N /115°35.6'W
38-47.2'N /117-20.1'W
38-47.2'N/117°20.1'W
38-47.2'N /117-20.1'W
38-47.2’N /l 17-20. r w
38-47.2N /117-2 0 .1 'W
38-47.2'N /l 17-2 0 .1'W
38-47.214/117-20.1'W
38-47.2'N /l 17-20.1'W
38-47.2'N /l 17-20.1'W
38-47.2'N /l 17-20.1'W
39-01'N /115-17.2'W
39°01'N /115-17.2'W
39°01'N /115°17.2'W
39-0114/115°17.2'W
39°01'N /115-17.2'W
39-01'N /115-17.2'W
39-01'N /115-17.2'W
39°01'N /115-17.2'W
39-01'N /I15-17.2'W
3 9 -0 1 'N /ll5 -1 7 .2 'W
38-44. l'N /116-53.6'W
38-44.1'N /116°53.6'W
38-44.114/116-53.6'W
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Poecile

gambeli

LVT562

48

NV

Poecile

gambeli

LVT563

48

NV

Poecile

gambeli

LVT564

83

NV

Poecile

gambeli

LVT565

48

NV

Poecile

gambeli

LVT566

48

NV

Poecile

gambeli

LVT567

84

NV

Poecile

gambeli

LVT568

33

NV

Poecile

gambeli

LVT579

70

NV

Poecile

gambeli

LVT580

70

NV

Poecile

gambeli

LVT581

33

NV

Poecile

gambeli

LVT582

33

NV

Poecile

gambeli

LVT583

48

NV

Poecile

gambeli

LVT584

48

NV

Poecile

gambeli

LVT585

33

NV

Poecile

gambeli

LVT586

33

NV

Poecile

gambeli

LVT587

70

NV

Poecile

gambeli

LVT588

70

NV

Poecile

gambeli

MBM 12583

dhb5220

33

NM

Poecile

gambeli

MBM 12584

dhb5219

33

NM

Poecile

gambeli

MBM 12695

jk03-134

66

NM

Poecile

gambeli

MBM 12696

jk03-128

33

NM

Poecile

gambeli

MBM 12697

jk03-129

33

NM

Poecile

gambeli

MBM 12177

gm s382

33

NM

Poecile

gambeli

M BM 12178

gms381

32

NM

Poecile

gambeli

M BM 12179

gm s380

32

NM

M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
M onitor Range, Faulkner
Creek
Ruby Mts., C herry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., C herry Spring
Canyon
Ruby Mts., C herry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Ruby Mts., Cherry Spring
Canyon
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Cloudcroft, 8.5m i S; Rio
Penasco Road
Cloudcroft, 8.5mi S; Rio
Penasco Road
Cloudcroft, 8.5mi S; Rio
Penasco Road

Poecile

gambeli

Bell

BRB587

33

NM

W hite/Sacram ento mts

33-26.7'N /105-48.3'W

38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
38-44.1'N /l 16-53.6'W
40-35.4'N /115-23.3'W
40-35.4'N /115°23.3'W
40-35.4'N /115-23.3'W
40-35.4'N /115-23.3'W
40-35.4'N /115-23.3'W
40-35.4'N /115-23.3'W
40-35.4'N /115-23.3'W
40-35.4'N /115°23.3'W
40-35.4'N /l 15-23.3'W
40°35.4'N/115°23.3'W
33-29.6'N /105-46.8'W
33°29.6'N/105°46.8'W
33-29.6'N /105-46.8'W
33-29.6'N /105-46.8'W
33-29.6'N /105-46.8'W
32-49.8'N /105-45.8'W
32-49.8'N /105-45.8'W
32-49.8'N /105-45.8'W

Poecile

gambeli

Bell

BRB593

33

NM

W hite/Sacram ento mts

33-51.9'N /105-44.9'W

Poecile

gambeli

Bell

BRB594

33

NM

W hite/Sacram ento mts

33-51.9'N /105°44.9'W

Poecile

gambeli

Bell

BRB597

63

NM

W hite/Sacram ento mts

33-51.9'N /105-44.9'W

Poecile

gambeli

Bell

BRB605

33

NM

W hite/Sacram ento mts

32-50.9'N /105°46'W

Poecile

gambeli

Bell

BRB607

62

NM

W hite/Sacram ento mts

32-50.9'N /105-46'W

Poecile

gambeli

Bell

BRB608

33

NM

W hite/Sacram ento mts

32-51'N /105-46.5'W

Poecile

gambeli

Bell

BRB609

63

NM

W hite/Saeram ento mts

32-5 l'N /1 05-46.5'W

Poecile

gambeli

Bell

B R B 6I0

33

NM

W hite/Sacram ento mts

32-51'N /105-46.5'W

Poecile

gambeli

M B M 12I75

gm s387

33

NM

Canon Jarido Springs

35-54.7'N /107°04.4'W

Poecile

gambeli

M B M I2 I7 6

gm s386

33

NM

Canon Jarido Springs

35°54.7'N/107°04.4'W

Poecile

gambeli

MBM12581

gtns448

33

NM

Grants, 3mi N , 16.5mi W

3 5 -1 3 .l'N /108°07.7'W

Poecile

gambeli

MBM 12582

gm s449

33

NM

G rants, 3mi N, 16.5mi W

3 5 -1 3 .l'N /108°07.7'W

Poecile

gambeli

M BM 12813

gm s447

33

NM

Grants, 3mi N, 16.5mi W

3 5 -1 3 .l'N /108-07.7'W

Poecile

gambeli

MBM 12814

gm s450

33

NM

Grants, 3 m iN , 16.5mi W

3 5 -1 3 .l'N /108-07.7'W
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Poecile

gambeli

M BM 12815

g m s4 5 1

33

NM

Grants, 3mi N , 16.5mi W

3 5 -1 3 .l'N /108°07.7'W

Poecile

gambeli

M BM 12816

gm s452

33

NM

Grants, 3 m iN , 16.5mi W

3 5 -1 3 .l'N /108°07.7'W

Poecile

gambeli

M BM 12817

gms453

64

NM

Grants, 3mi N, 16.5mi W

3 5 -1 3 .l'N /108°07.7'W

Poecile

gambeli

M BM 12818

gm s458

33

NM

Grants, 3mi N, I6.5m i W

3 5 -1 3 .1 7 4 /1 0 8 -0 7 .7 ^

Poecile

gambeli

M BM 12819

gm s456

33

NM

Grants, 3mi N , 16.5mi W

3 5 -1 3 .l'N /108-07.7’W

Poecile

gambeli

M BM 12820

gnis455

65

NM

Grants, 3mi N , I6.5m i W

3 5 -1 3 .l'N /108-07.7’W

Poecile

gambeli

MBM 12821

gm s457

33

NM

Grants, 3mi N , 16.5mi W

3 5 -1 3 .l'N /108-07.7'W

Poecile

gambeli

MBM 12822

gm s454

33

NM

Grants, 3mi N, 16.5mi W

35-13.174/108-07.7'W

Poecile

gambeli

Bell

BRB567

33

NM

Poecile

gambeli

Bell

BRB568

62

NM

35-45'N /105-36.5'W

Poecile

gambeli

Bell

BRB571

33

NM

35-45.474/105°38.5'W

Poecile

gambeli

Bell

BRB573

33

NM

35-45.6'N /105-38.1'W

Poecile

gambeli

Bell

BRB574

33

NM

35-45.2'N /105-36.8'W

Poecile

gambeli

Bell

BRB575

33

NM

35-46.674/105-34.4'W

Poecile

gambeli

Bell

BRB581

48

NM

35-46.5'N /105-34.5'W

Poecile

gambeli

Bell

BRB614

33

NM

35-44.8'N /105°38.4'W

Poecile

gambeli

Bell

BRB586

33

NM

33-27.674/105-47.7'W

Poecile

gambeli

Bell

BRB582

48

NM

Poecile

gambeli

Bell

jk95-053

51

OR

Poecile

gambeli

Bell

jk95-059

52

OR

Blue Mountains

Poecile

gambeli

Bell

jk95-103

42

OR

Blue Mountains

Poecile

gambeli

Bell

jk 9 5 - lll

S3

OR

Poecile

gambeli

M B M I2174

gms391

33

OR

Poecile

gambeli

M B M 12I81

dhb5075

13

OR

Poecile

gambeli

M B M 12I82

dhb5074

12

OR

Poecile

gambeli

M B M I2183

dhb5073

11

OR

Poecile

gambeli

M BM ] 2272

jk02-576

14

OR

Blue M ountains
W hitman N ational Forest,
Forest Rd. 7220
Deschutes National Forest,
Lava Kast Rd
D eschutes National Forest,
Lava K ast Rd
D eschutes N ational Forest,
Lava K ast Rd
D eschutes N ational Forest,
Lava Kast Rd.

Poecile

gambeli

jk95-056

15

OR

Poecile

gambeli

dhb5052

11

OR

Poecile

gambeli

LVT569

32

UT

Poecile

gambeli

LVT570

32

UT

Poecile

gambeli

LVT571

33

UT

Poecile

gambeli

LVT572

33

UT

Poecile

gambeli

LVT573

33

UT

Poecile

gambeli

LVT574

33

UT

Poecile

gambeli

LVT575

33

UT

Poecile

gambeli

LVT576

33

UT

Poecile

gambeli

L.VT577

33

UT

Poecile

gambeli

LVT578

33

UT

Poecile

gambeli

M BM 12173

gm s392

11

WA

Poecile

gambeli

MBM 12240

dhb5086

11

WA

Poecile

gambeli

M B M I2164

dhb5045

55

WY

Poecile

gambeli

M B M I2 I6 5

dhb5043

54

WY

M B M 12I72

35-46.6'N /105-34.5’W

35“45.6’N /1 0 5 °3 6 .rW
Blue M ountains

Mt. Hood National Forest,
Bonney Crossing Rd
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
W asatch Range, Little
Cottonwood Canyon
Colville N ational Forest,
Forest Rd. 124
Colville N ational Forest,
Forest Rd. 2040
Shoshone National Forest,
Forest Rd. 103
Shoshone National Forest,
Forest Rd. 103

44-42.5'N /118-01.1'W
43-52.374/121-21.6'W
43-52.374/121-21.6'W
43-52.374/121-21.6'W
43-52.374/121-21.6'W

45“ 14.2'N/121°24.2'W
40“30'N /111-23'W
40“30'N /111-23'W
40-3074/111-23-W
40-30'N /111-23'W
40°30'N /111°23’W
40“30'N /111°23'W
4 0 -3 0 'N /lll-2 3 'W
4 0 -3 0 'N /lll-2 3 'W
4 0 -3 0 'N /lll-2 3 'W
40-3074/1 H -2 3 'W
48-35.474/118-14.9’W
48-37.274/118°32.9’W
44-42.9'N /109-22.7'W
4 4 “42.9’N /I0 9 °2 2 .7 ’W
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Poecile

gambeli

M B M I2I66

dhb5044

33

WY

Poecile

gambeli

MBM 12234

dhb5080

S7

WY

Poecile

gambeli

M BM 12235

dhb5081

58

WY

Poecile

gambeli

MBM 12236

dhb5079

56

WY

Shoshone National Forest,
Forest Rd. 103
Bud L ove W ildlife
M anagem ent Area
Bud L ove W ildlife
M anagem ent Area
Bud L ove W ildlife
M anagem ent A rea

44°42.9'N/109°22.7'W
44°42.7'N/106°51.6'W
44°42.7'N/106°51.6'W
44°42.7'N/106°51.6'W

Bell = Bell Museum o f Natural History, University o f Minnesota; MBM = Marjorie
Barrick Museum o f Natural History, University o f Nevada, Las Vegas; MVZ = Museum
o f Vertebrate Zoology, University o f California, Berkeley; LVT = Las Vegas Tissue
Collection, University o f Nevada, Las Vegas, Department o f Biological Sciences;
Samples labeled Gill come from F. Gill (1993, 2005).
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APPENDIX II. Specimen data Chapter 4.
G enus

Species

M useum #

H

S tate

Specific L ocality

Sitta

carolinensis

M BM 12681

E5

MD

U pper Marlboro lOmi S

Sitta

carolinensis

UM M Z 225104

E6

Ml

42-0974 /84°02’W

Sitta

carolinensis

UM M Z 227555

E7

Ml

M anchester
W ebster Twp, H uron Dr. near
M ast

Sitta

carolinensis

UM M Z 227556

E8

Ml

Zeeb Rd., near Liberty Rd.

4 2 -1 6 'N /8 3 °5 0 ’W

Sitta

carolinensis

UM M Z 227557

E9

Ml

Ann Arbor

4 2 °1 6 'N /8 3 °4 3 ’W

Sitta

carolinensis

UM M Z 228095

ElO

Ml

Sylvan Twp, T25, R3E, S5

42-20'N /8 4 -0 6 'W

Sitta

carolinensis

UM M Z 234908

E ll

Ml

4 6 -4 5 'N /8 8 °3 1 'W

42-16'N /8 3 -4 3 'W

Sitta

carolinensis

UM M Z 235315

E12

Ml

T50N, R34W , Sec 2
Sylvan Twp, Spring Lake Dr.,
Sec. 5

Sitta
Sitta

carolinensis
carolinensis

UM M Z 236128
BM JD W 0029

E ll
El 3

MI
MN

Ann Arbor
St. Paul

Sitta

carolinensis

BM svd2647

E14

MN

Bloom ington

Sitta

carolinensis

BM svd2648

E15

MN

Eden Prairie

Sitta

carolinensis

BM svd2658

E I6

MN

Sitta

carolinensis

M BM 13704

E15

MN

Sitta
Sitta

carolinensis
carolinensis

MVZ 178252
MVZ 178253

E9
E9

OK
OK

Sitta

carolinensis

MVZ 174028

E I7

PA

Sitta

carolinensis

MVZ 174029

E18

PA

Sitta

carolinensis

MVZ 174030

E19

PA

Sitta
Sitta
Sitta

carolinensis
carolinensis
carolinensis

MVZ 174027
M VZ 174032
MVZ 174031

E9
E20
E9

PA
PA
PA

Sitta

carolinensis

AM NH 1003

El

RI

Sitta
Sitta
Sitta
Sitta

carolinensis
carolinensis
carolinensis
carolinensis

AM NH
AM NH
AM NH
AM NH

1020
9409
9379
7415

E2
E21
£21
E22

R1
NJ
NY
NY

St. Paul
Flag Island, Lake o f the
W oods.
0.5 mi N and 2 mi W
W ilburton
4 mi N MeCurtain
3 mi NW M organtown, State
G am e Lands No. 52
3 m i NW M organtown, State
G am e Lands No. 52
3 mi NW M organtown, State
Gam e Lands No. 52
3 mi NW M organtown, State
Gam e Lands No. 52
Rosemont
Rosemont
University o f R hode Island
Campus
University o f R hode Island
Campus

Sitta

carolinensis

AM NH 1054

E3

Rl

Sitta

carolinensis

A M NH 1055

E3

Rl

Sitta
Sitta

carolinensis
carolinensis

AM NH 1044
AM NH 7264

E4
E7

RI
NY

Sitta

carolinensis

MBM 13327

PI

CA

Sitta

carolinensis

M BM 13328

PI

CA

Sitta

carolinensis

M BM 13334

P2

CA

Sitta

carolinensis

MBM 13089

P ll

CA

Sitta

carolinensis

M BM 13090

P ll

CA

Sitta

carolinensis

M BM 13094

P ll

CA

Sitta

carolinensis

MBM 13332

P ll

CA

Sitta

carolinensis

MBM 13333

P ll

CA

Sitta

carolinensis

M BM 13091

P12

CA

Delhi
Huntington
University o f R hode Island
Campus
University o f Rhode Island
Campus
University o f R hode Island
Campus
N ew York City, W 58'" Street
17mi NE Sanger, Sequoia
National Forest
15mi NE Sanger, Sequoia
National Forest
17mi NE Sanger, Sequoia
N ational Forest
12mi SE Carmel Valley, Los
Padres NF
12mi SE Carmel Valley, Los
Padres NF
I2m i SE Carmel Valley, Los
Padres NF
12mi SE Carm el Valley, Los
Padres NF
12mi SE Carm el Valley, Los
Padres NF
12mi SE Carmel Valley, Los
Padres NF

L at/L o n g

4 2 °2 0 'N /8 3 °5 2 ’W

42-1674 /83-38'W

4 9 -1 6 7 4 /9 4 °5 2 ’W
34-5574/95-20'W
35-12'N /94-58'W
40-10'N /75-56'W
40-1074/75-56'W
40°10'N /75°56'W

40-1074/75-56'W
40-12'N /75-19'W
40-1274/75-19'W

36-57.5'N /119-13.9'W
36-57.7'N /119°13.6'W
36-57.574/119-13.98'W
36-18.374/121-34.1’W
36-18.3'N /121-34.1'W
3 6 -l8 .3 'N /1 2 l-3 4 .l'W
36-18.3'N /121°34.I'W

36-18.374/121-34.1'W
36-18.3'N/121°34.1'W
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Sitta

carolinensis

MVZ 173501

PI

CA

12mi SE Carmel Valley, Los
Padres NF
12mi SE Carmel Valley, Los
Padres NF
12mi SE Carmel Valley, Los
Padres NF
12mi SE Carmel Valley, Los
Padres NF
San Jacinto Mts., Black
M ountain Rd.
San Jacinto Mts., Black
M ountain Rd.
San Jacinto Mts., Black
M ountain Rd.
San Jacinto Mts., Black
M ountain Rd.
San Jacinto Mts., Black
M ountain Rd.
6 mi ESE B ig Bear Lake,
W ildhorse M eadows Road
6 mi ESE B ig Bear Lake,
W ildhorse M eadows Road
M issed Spring 1.5mi N W o f
O nyx Peak
Im i N N W Onyx Peak
1mi N N W Onyx Peak
1m i N N W Onyx Peak
Im i N N W Onyx Peak
M issed Spring 1.5mi N W o f
O nyx Peak
M issed Spring 1.5mi NW o f
Onyx Peak
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
Laguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
Laguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
14mi SSE Julian, M ount
L aguna, Cleveland NF
5.5 mi S and 0.5 mi W Fall
River Mills
5.5 mi S and 0.5 mi W Fall
R iver Mills
5.5 mi S and 0.5 mi W Fall
River Mills
5.5 mi S and 4.5 mi W Fall
River Mills
5.5 mi S and 4.5 m i W Fall
River Mills
5.5 mi S and 4.5 mi W Fall
River Mills
5.5 mi S and 4.5 mi W Fall
River Mills
Backbone Ridge, 3 mi N and 7
mi E Project City

Sitta

carolinensis

UWBM 46818

PI

CA

Red Bluff, 1 Im i N, 1 7 m iE

Sitta

carolinensis

MBM 13330

P12

CA

Sitta

carolinensis

M BM 13092

P13

CA

Sitta

carolinensis

MBM 13093

P13

CA

Sitta

carolinensis

MBM 13331

P13

CA

Sitta

carolinensis

M BM 11692

PI

CA

Sitta

carolinensis

M BM 11694

PI

CA

Sitta

carolinensis

MBM 12276

PI

CA

Sitta

carolinensis

MBM 11693

P2

CA

Sitta

carolinensis

MBM 11695

P2

CA

Sitta

carolinensis

MBM 14418

P3

CA

Sitta

carolinensis

MBM 14419

P3

CA

Sitta
Sitta
Sitta
Sitta
Sitta

carolinensis
carolinensis
carolinensis
carolinensis
carolinensis

LSI) B34434
LSU B23276
L S U B 21569
LSU B20973
LSU B30428

P3
P3
P3
P3
P4

CA
CA
CA
CA
CA

Sitta

carolinensis

LSU B34417

P5

CA

Sitta

carolinensis

LSU B34433

P6

CA

Sitta

carolinensis

MBM 13080

PI

CA

Sitta

carolinensis

MBM 13084

PI

CA

Sitta

carolinensis

MBM 13086

PI

CA

Sitta

carolinensis

MBM 13085

PIO

CA

Sitta

carolinensis

MBM 13088

P4

CA

Sitta

carolinensis

MBM 13081

P6

CA

Sitta

carolinensis

MBM 13087

P6

CA

Sitta

carolinensis

MBM 13079

P7

CA

Sitta

carolinensis

MBM 13083

P8

CA

Sitta

carolinensis

MBM 13082

P9

CA

Sitta

carolinensis

MVZ 177151

P15

CA

Sitta

carolinensis

MVZ 177149

P16

CA

Sitta

carolinensis

MVZ 177150

P16

CA

Sitta

carolinensis

MVZ 174033

PI

CA

Sitta

carolinensis

MVZ 173502

PI

CA

Sitta

carolinensis

MVZ 174034

P I5

CA

Sitta

carolinensis

MVZ 174035

P15

CA

36°18.3’N/121°34.1'W
36“ 18.3'N/121°34.1’W
36°18.3’N/121°34.1’W
36°18.3'N /121-34.1’W
33-50.6274/116-44.01 "W
33-50.62'N /116-44.00'W
33-50.6274/116-44.01'W
33-50.62'N /116-44.01'W
33-50.6274/116-44.01"W
34-12.32'N /l 16°45.91'W
34-12.32'N /l 16-45.91'W

32-51.274/116-26.1'W
3 2 -5 1.2'N/l 16-26.1'W
32-51.2'N /116-26.1'W
32-51.274/116-26.1'W
3 2 -5 1.2'N/l 16-26.1'W
3 2 -5 1.2'N /l 16-26.1'W
3 2 -5 1.2'N/l 16-26.1'W
32-51.274/116-26.1'W
32-51.2'N /116°26.1'W
3 2 -5 1.2'N/l 16-26.1'W
40-55'N /121“26'W
40-5574/121-26'W
40-55'N /121°26'W
40-5574/121-26'W
40-55'N /121-26'W
40-55'N /121-26'W
40-55'N /121-26'W
40-25'N /122-12'W
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Sitta

carolinensis

UW BM 46828

PI

CA

Red Bluff, 1 Im i N , 17 mi E

Sitta
Sitta
Sitta

carolinensis
carolinensis
carolinensis

UW BM 46817
MVZ 179455
AM NH 7184

P17
PI
P I4

CA
CA
CA

Sitta

carolinensis

MBM 9729

Rl

AZ

Sitta

carolinensis

MBM 9730

RI

AZ

Sitta

carolinensis

MBM 9732

Rl

AZ

Sitta

carolinensis

MBM 9733

Rl

AZ

Sitta

carolinensis

MBM 9735

Rl

AZ

Red Bluff, 1 Im i N , 1 7 m iE
4.5 mi N Sm artville
Redding
San Francisco Peaks, Flagstaff
13 mi N
San Francisco Peaks, F lagstaff
13 m iN
Sna Francisco Peaks, Flagstaff
13 mi N
San Francisco Peaks, F lagstaff
13 m iN
San Franciseo Peaks, Flagstaff
13 mi N

Sitta
Sitta
Sitta

carolinensis
carolinensis
carolinensis

LSU B21704
LSU B21702
LSU B21703

Rl
Rl
R2

AZ
AZ
AZ

Sitta

carolinensis

MBM 9725

R3

AZ

Sitta

carolinensis

MBM 9726

R4

AZ

Sitta

carolinensis

MBM 9727

R5

AZ

Sitta

carolinensis

MBM 9728

R6

AZ

Sitta

carolinensis

MBM 9731

R7

AZ

Sitta

carolinensis

MBM 9734

R8

AZ

Dane Ridge, ca 17mi ENE Pine
Dane Ridge, ca 17mi ENE Pine
Dane Ridge, ca 17m i ENE Pine
San Francisco Peaks, Flagstaff
13 mi N
San Francisco Peaks, Flagstaff
10 mi NNE
San Francisco Peaks, Flagstaff
13 mi N
San Franciseo Peaks, F lagstaff
13 mi N
San Francisco Peaks, Flagstaff
13 m iN
San Franeisco Peaks F lagstaff
13 m i N

Sitta
Sitta

carolinensis
carolinensis

LSU B 17064
LSU B 17074

RIO
R ll

AZ
AZ

3mi SSE Hualapai Peak
3m i SSE Hualapai Peak

Sitta

carolinensis

MBM 6937

Rl

AZ

Sitta

carolinensis

MBM 9721

Rl

AZ

Sitta

carolinensis

MBM 9723

Rl

AZ

Sitta

carolinensis

MBM 9724

Rl

AZ

Kingm an; 10 mi ESE
Hualapai Mts N side..
Kingm an 10 mi ESE
Hualapai M tsN side..
Kingm an 10 mi ESE
H ualapai Mts N side..
Kingm an 10 mi ESE
Hualapai M tsN side..
Kingm an 10 mi ESE

Sitta

carolinensis

MBM 9722

R9

AZ

Sitta

carolinensis

CN A V mgl233

R6

Baja Sur

Sitta

carolinensis

LSU B23873

R12

CA

Sitta

carolinensis

MBM 11688

Rl

CO

Sitta

carolinensis

M BM 11689

Rl

CO

Sitta

carolinensis

M BM 11690

Rl

CO

Sitta

carolinensis

MBM 11691

Rl

CO

Sitta

carolinensis

M BM 16245

Rl

CO

Sitta

carolinensis

MBM 16246

Rl

CO

Sitta

carolinensis

MBM 16247

Rl

CO

Sitta

carolinensis

M BM 12963

R22

Jalisco

Sitta

carolinensis

MBM 15964

R15

M orelos

Sitta

carolinensis

MBM 15965

R16

M orelos

Sitta

carolinensis

x736

R16

M orelos

Sitta

carolinensis

CNA V/M BM

R17

M orelos

Sierra de Laguna
Im i E M ono Mills, on Hwy
120, near Mono Craters
San Isabel National Forest,
Forest Rd. 386
San Isabel N ational Forest,
Forest Rd. 386
San Isabel National Forest,
Forest Rd. 386
San Isabel National Forest,
Forest Rd. 386
Durango 20 mi W , Cherry
Creek Road
Durango 20 mi W, Cherry
Creek Road
Durango 20 mi W, Cherry
C reek Road
Sierra de Bolanos, 5.8km N,
9km W o f Bolanos
Huitzilac 11 km NE, Fierro del
Toro
Huitzilae 11 km NE, Fierro del
Toro
Lagunas de Z em poala Parque
Nacional
Huitzilac 11 km NE, Fierro del
Toro

39°16’N /121°17'W

35.24'N /111.40'W
35.24'N /111.40'W
35.24'N/111.40'W
35.24'N/111.40'W
35.24'N/111.40'W

35.24'N/111.40'W
35.2I.5'N /111.38'W
35.24’N /111.40'W
35.2474/111.40'W
35.24'N/111.40'W
35.24'N/111.40'W

3 5 -0 3 'N, 1 1 3 -5 3 'W
35.0374/113.53'W
35.03'N/113.53'W
35.0374/113.53'W
35.03'N/113.53'W

38-07.4474/105-07.55'W
38-07.44'N /105-07.55'W
38-07.44'N /105°07.55'W
38-07.4474/105-07.55'W
37°19.06'N /108°07.55'W
37-l9.06'N /108-07.55'W
37°19.06'N /108°07.55'W
21°52.9'N /103°51.9'W
19°05.24'N /99-lI.64'W
19°05.24'N/99°11.64'W

19°05.24'N/99°11.64'W
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Sitta

carolinensis

x727

R17

Morelos

Sitta

carolinensis

CNA V/M BM

R18

Morelos

Sitta

carolinensis

CN A V /M BM

R19

Morelos

Sitta

earolinensis

M BM 15966

R20

M orelos

Sitta

carolinensis

M BM 16692

R20

Morelos

Sitta

carolinensis

CNA V/M BM

R20

Morelos

Sitta

carolinensis

CNA V/M BM

R20

Morelos

Sitta

carolinensis

MBM 15967

R21

Morelos

Sitta

carolinensis

M BM 10233

Rl

NV

Sitta

carolinensis

M BM 10403

Rl

NV

Sitta

carolinensis

MBM 10299

Rl

NV

Sitta

carolinensis

M BM 11148

RI3

NV

Sitta

carolinensis

M BM 10009

R13

NV

Sitta

carolinensis

M BM 10010

R14

NV

Sitta

carolinensis

M BM 10004

R24

NV

Sitta

carolinensis

M BM 10005

R24

NV

Sitta

carolinensis

MBM 10298

R26

NV

Sitta

carolinensis

M BM 10297

R6

NV

Sitta

carolinensis

MBM 15282

Rl

NM

Sitta

carolinensis

M BM 15283

Rl

NM

Sitta

carolinensis

MBM 15361

Rl

NM

Sitta

carolinensis

MBM 15363

Rl

NM

Sitta

carolinensis

MBM 15910

Rl

NM

Sitta

carolinensis

MBM 15362

R23

NM

Sitta

carolinensis

MBM 15909

R23

NM

Sitta

carolinensis

MBM 15780

R24

NM

Sitta

carolinensis

MBM 15908

R25

NM

Sitta

carolinensis

MBM 15779

R4

NM

Sitta

carolinensis

MBM 12593

Rl

NM

Sitta

carolinensis

M BM 12592

Rl

NM

Sitta

carolinensis

MBM 12594

Rl

NM

Sitta

carolinensis

MBM 12595

Rl

NM

Sitta

carolinensis

M BM 12590

R23

NM

Sitta

carolinensis

MBM 12679

R23

NM

Sitta

carolinensis

MBM 12678

R24

NM

Lagunas de Zem poala Parque
Nacional
Huitzilac 11 km N E, Fierro del
Toro
Huitzilac 11 km N E, Fierro del
Toro
H uitzilac 11 km NE, Fierro del
Toro
Huitzilac 11 km N E, Fierro del
Toro
Huitzilac 11 km NE, Fierro del
Toro
Huitzilac 11 km NE, Fierro del
Toro
Huitzilac 11 km N E, Fierro del
Toro
NV Test Site A rea 12, Rainier
Mesa
NV Test Site A rea 19, Pahute
Mesa
Spring Mts. N, Cold Creek 3
mi S, B onanza trailhead
Spring Mts. N, Cold Creek 3
mi S, Bonanza trailhead
Spring Mts. West side.
Carpenter Canyon (road end)
Spring Mts. West side.
Carpenter Canyon (road end)
Spring Mts. West side, Clark
Canyon
Spring Mts. West side, Clark
Canyon
Spring Mts. N, Cold Creek 3
mi S, B onanza trailhead
Spring Mts. N, Cold Creek 3
mi S, B onanza trailhead
Guadalupe M ats., Queen 8.5
mi due S
G uadalupe Mnts., Queen 8.5
mi due S
G uadalupe Mnts., Queen 8.5
mi due south
G uadalupe Mnts., Queen 8.5
mi due south
G uadalupe Mntns., Queen 8.5
mi due S
G uadalupe Mnts., Q ueen 8.5
mi due south
G uadalupe Mntns., Queen 8.5
mi due S
G uadalupe Mntns., Dark
C anyon Road
G uadalupe Mnms., Queen 8.5
mi due S
G uadalupe Mnms., Dark
C anyon Road
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8m i E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake

19°05.24'N/99°1 L64'W
19°05.24’N /99°11.64’W
19°05.24'N/99°11.64'W
19°05.24’N/99°11.64'W
I9-05.24'N /99-11.64'W
19°05.24'N/99°11.64'W
19°05.24’N /99°11.64'W
37.1274/116.13'W
37-1574/116-20'W
36.2274/115.45'W
36-2274/115-45'W
36.150'N/115.43.5'W
36.150'N/115.43.5'W
36.20’N/115.43’W
36.2074/115.43'W
36.2274/115.45'W
36.22'N/115,45'W
32“02.02'N/104°47.92'W
32-02.0274/104-47.92'W
32°02.02'N/104°47.92'W
32°02.02'N /104°47.92'W
32°02.02'N/104°47.92'W
32-02.0274, 104-47.92'W
32-02.0274, 104°47.92'W
32°06.29'N/104°44.96'W
32-02.0274/104-47.92'W
32°06.29’N/104°44.96'W
33-29.674/105-46.8'W
33°29.6'N/105°46.8'W
33-29.674/105-46.8'W
33-29.6'N /l 05-46.8'W
33-29.674/105-46.8'W
33-29.674/105-46.8'W
33-29.674/105-46.8'W
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R25

NM

M BM 12591

R4

NM

Carrizozo, 12mi S, 8mi E;
Bonito Lake
Carrizozo, 12mi S, 8mi E;
Bonito Lake

M BM 12083

R13

NM

Canon Jarido Springs

35°54.71'N /107°04.45'W
3 5 -1 3 .l'N /108“07.7'W

Sitta

carolinensis

M BM 12680

Sitta

carolinensis

Sitta

carolinensis

33°29.6'N /105°46.8'W
33-29.6'N /105-46.8'W

Sitta

carolinensis

M BM 12205

Rl

NM

Grants, 3mi N, 16.5tni W

Sitta

earolinensis

M BM 12530

Rl

NM

Grants, 3 m iN , 16.5mi W

35°13.1'N/108°07.7'W

Sitta

carolinensis

M BM 12531

Rl

NM

Grants, 3mi N, 16.5m i W

35°13.1'N /108°07.7'W

Sitta

carolinensis

M BM 12529

R24

NM

Grants, 3tni N, 16.5mi W

3 5 -1 3 .ra /1 0 8 °0 7 .7 'W

Sitta

carolinensis

M BM 12206

R26

NM

Grants, 3tni N, 16.5mi W

35°13.1'N /108°07.7'W

Sitta

carolinensis

CNA V/M BM

R14

NL, MX

24°52.3'N/100°13.44'W

Sitta

carolinensis

M BM 16024

R14

N L , MX
N L ,M X

Cerro Potosi
G aleana - 2 0 km W NW , Cerro
Potosi
G aleana -2 0 k m W N W , Cerro
Potosi

Sitta

carolinensis

MBM 15988

R6

Sitta

carolinensis

CNA V P004825

R27

Que., MX

Sitta

carolinensis

CNA V P004826

R28

Que., MX

Sitta

carolinensis

M BM 12086

Rl

Sitta
Sitta

carolinensis
carolinensis

M BM 12273
MBM 12274

Rl
Rl

Black Hills N ational
Forest Rd.288
Black Hills N ational
Forest Rd.288
Black Hills N ational
Forest Rd.288
Black Hills N ational
Forest Rd.288

SD
SD
SD

24°52.3'N /I00°13.44'W
24-52.3'N/IOO-13.44'W

Forest,
43“48.12'N/103°47.20'W
Forest,
43°48.12'N /103°47.20’W
Forest,
4 3 -4 8 .12'N/103-47.20'W
Forest,

Sitta

earolinensis

MBM 12085

R29

SD

Sitta

carolinensis

MBM 5586

Rl

UT

Sitta

carolinensis

M BM 13326

Rl

UT

Sitta

carolinensis

M BM 13325

R23

• UT

Sitta

carolinensis

M BM 13323

R24

UT

Sitta

carolinensis

M BM 13324

R25

UT

Sitta ’

carolinensis

M BM 13755

R30

UT

M odena, 9 miles north
Panguiteh Lake 6m i S,
M am m oth Creek Canyon
Panguiteh Lake 6m i S,
M am m oth Creek Canyon
Panguiteh Lake 6m i S,
M am moth Creek Canyon
Panguiteh Lake 6m i S,
M ammoth Creek Canyon
Panguiteh Lake 6 m i S,
M am moth Creek Canyon

Sitta

carolinensis

MBM 8366

R4

UT

Panguiteh 30kmS 2km W

30-35'N 112-36'W

Sitta

carolinensis

MBM 13321

SI

BC, Can.

Merritt 7km NW

50-09'N /l 20-45'W

Sitta

carolinensis

M BM 13329

SI

BC, Can.

Cache Creek 30km E

50°50'N/120°56'W

Sitta

earolinensis

M BM 13317

S6

BC, Can.

M erritt 7km NW

50-09'N /l 20-45'W

Sitta

earolinensis

M BM 13320

S6

BC, Can.

M erritt 7km NW

50-09'N /l 20-45'W

Sitta

carolinensis

M BM 13318

S7

BC, Can.

M erritt 7km NW

50-09'N /120°45'W

Sitta

carolinensis

M BM 13319

S8

BC, Can.

50-09'N /120-45'W

Sitta

carolinensis

LSU B30502

SI

CA
CA

Merritt 7km NW
Hwy 168, ca Im i E tu m o ffto
Bristlecone Pine Forest
Hwy 168, ca Im i E tu m o ffto
Bristlecone Pine Forest

Sitta

carolinensis

LSU B30352

SI

Sitta

carolinensis

UW BM 47961

S2

CA

Susanville, 15 mi N

Sitta
Sitta

carolinensis
carolinensis

UW BM 47960
M VZ 177262

S9
SI

CA
CA

Sitta

carolinensis

MVZ 177263

SI

CA

Sitta
Sitta

carolinensis
carolinensis

MVZ 177264
MVZ 166799

SIO
S5

CA
CA

Sitta

carolinensis

M BM 11697

SI

CA

Sitta

carolinensis

M BM 12092

SI

CA

Sitta

carolinensis

M BM 12084

S2

CA

Sitta

carolinensis

LSU B23872

S2

CA

Susanville, 15 mi N
4.5 mi W Canby
Hackam ore Rd., 9.5 mi N and
12 mi W Canby
H ackam ore Rd., 9.5 m iN and
12 mi W Canby
3 mi E and 1 mi S, M ineral Mt.
Inyo National Forest, Dead
M an's Rd.
Inyo National Forest, M ono
Mills
Inyo N ational Forest, Lookout
M ountain Rd
Im i E M ono Mills, on Hwy
120, near M ono Craters

Sitta

carolinensis

MBM 11696

S3

CA

Inyo National Forest, Dead

43°48.12'N /103°47.20'W

37-38.3'N /112°38.8'W
37°38.3'N/112°38.8'W
37-38.3'N /l 12-38.8'W
37-38.3'N /l 12-38.8'W
37°38.3'N, 112-38.8'W

41-43'N /120-58'W
41-35'N /121-05'W
41°35'N/121°05'W
38-5 l'N /119-33'W
37-43.75'N /119-00.05'W
3 7 -5 2 .16'N/118 -5 9 .16'W
37-42.76'N /118-56.80'W

37-43.76'N /119-00.05'W
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M an's Rd.
Sitta

carolinensis

MBM 11698

S3

Sitta

carolinensis

M BM 12212

S4

CA

Inyo N ational Forest, Dead
M an's Rd.
Inyo National Forest, Dead
M an's Rd

Sitta

carolinensis

M BM 10422

SI

NV

Spring Mts, M ack's Canyon

36°21'N /115'’41'W

Sitta

carolinensis

MBM 9978

S ll

NV

Spring Mts., M ack's Canyon

36.223'N /115.47'W

Sitta

carolinensis

MBM 9977

S12

NV

36.223'N /115.47'W

Sitta

carolinensis

M BM 12088

SI

OR

Sitta

carolinensis

M BM 12090

SI

OR

Sitta

carolinensis

MBM 12091

S13

OR

Sitta

carolinensis

MBM 12089

S14

OR

Sitta

carolinensis

MBM 12087

S2

OR

Sitta

carolinensis

MBM 12210

SI

OR

Sitta

carolinensis

M BM 12207

S14

OR

Sitta

carolinensis

MBM 12211

S15

OR

Sitta

carolinensis

M BM 12209

S15

OR

Sitta

carolinensis

MBM 12208

S16

OR

Sitta

carolinensis

MBM 12414

SI

OR

Sitta

carolinensis

- MBM 12275

Sitta

carolinensis

UWBM 62684

Sitta

carolinensis

Sitta

carolinensis

Sitta
Sitta

CA

SI

SD

Spring Mts., Mack's Canyon
Whitman National Forest,
Forest Rd. 7220
W hitm an National Forest,
Forest Rd. 7220
W hitman National Forest,
Forest Rd. 11
W hitman National Forest,
Forest Rd. 7220
W hitm an National Forest,
Forest Rd. 11
D eschutes National Forest,
Lava K ast Rd
Desehutes National Forest,
Lava K ast Rd
Deschutes National Forest,
Lava K ast Rd
Deschutes National Forest,
Lava K ast Rd
Deschutes National Forest,
Lava K ast Rd
W hitm an National Forest,
Spring Creek Rd.
Black Hills N ational Forest,
Forest Rd.288

S17

WA

Twisp, 9 mi N, 3.3 mi E

UWBM 62685

S18

WA

Twisp, 9 mi N, 3.3 mi E

UWBM 57167

S I4

WA

carolinensis

UW BM 50071

S19

WA

Ellensburg, 9 mi S, 13 mi W
Rim rock Lake Dam, 2 mi N , 2
mi E

carolinensis

UW BM 57144

S4

WA

Ellensburg, 9 mi S, 13 mi W

37°43.76'N /119°00.05'W
37°43.76'N /119°00.05'W

44-42.59'N /118°01.05'W
44°42.59'N /118°01.05'W
44°35.60'N /117°43.39'W
4 4 -4 2 .5 9 'N /ll8 °0 1 .0 5 'W
44°35.60'N /117“43.39'W
43°52.36'N /121°21.64'W
43°52.36'N /121“2I.6 4 'W
43°52.36'N /121°21.64'W
43°52.36'N /121°21.64'W
43-52.36'N /121-21.64'W
45°20.86'N /1I8°20.19'W
4 3 -4 8 .12'N/103°47.20'W

AMNH = DOT, American Museum o f Natural History, New York; BM = Bell Museum
o f Natural History, University o f Minnesota; CNAV = Coleecion Nacional de Aves,
Universidad Nacional Autonoma de Mexico; LSU = Louisiana State University Museum
o f Natural Sciences; MBM = Marjorie Barrick Museum o f Natural History, University o f
Nevada, Las Vegas; MVZ = Museum o f Vertebrate Zoology, University o f California,
Berkeley; UMMZ - University o f Michigan Museum o f Zoology; UWBM = University
o f Washington Burke Museum o f Natural History; x = Universidad de Cuernavaca.
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